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Abstract 

In this dissertation, the inter-basin teleconnection between the tropical Pacific and the 

tropical Atlantic is investigated through observational analyses and numerical simulations. In the 

first part, the impact of the El Niño-Southern Oscillation (ENSO) on tropical North Atlantic (TNA) 

sea surface temperature anomaly (SSTA) is discussed. During El Niño decaying spring, the TNA 

region displays a significant warm SSTA, which is mainly caused by trade wind-induced surface 

latent heat flux anomaly. ENSO can generate anomalous southwesterlies over the TNA region 

through an extratropical pathway (via the Pacific - North American pattern) and a tropical pathway 

(remote Gill response with suppressed tropical Atlantic rainfall). Both a partial regression analysis 

and numerical simulations indicate that the extratropical (tropical) pathway contributes to 

approximately 60% (40%) of the observed wind anomaly in TNA. 

In the second part, the relationship between the ENSO and equatorial Atlantic (EA) 

variability is explored. While boreal summer EA SSTA has an insignificant correlation with the 

preceding ENSO, it exists a robust simultaneous negative correlation with the Pacific SSTA 

(Niño3.4 index). A further analysis shows that both the El Niño and La Niña events in boreal 

winter precede a warm EA event. The physical cause of the asymmetric ENSO impacts is explored. 

It is found that El Niño impact is primarily through the preconditioning of the Atlantic SSTA 

during El Niño developing fall and mature winter, whereas the La Niña impact is mainly via the 

remote teleconnection pattern during boreal spring and summer after the peak of the La Niña. The 

season-dependent feature is attributed to distinctive phase evolution characteristics between El 

Niño and La Niña. 

In the third part, how the tropical Atlantic SSTA variability affects subsequent ENSO 

evolution is investigated. It is shown that the TNA (EA) forcing tends to generate a CP-type (EP-
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type) ENSO event due to the relative longitudinal location of the TNA and EA SSTA forcing. 

While a basin-wide warming pattern in the Atlantic exerts a robust influence on the Pacific, a 

meridional dipole pattern cannot. By comparing four different forcing experiments (TNA, EA, 

basin warming and dipole pattern), we demonstrated the essential role of the Kelvin wave response 

and the associated atmosphere-ocean interaction over the northern Indian Ocean (NIO) and 

Maritime Continent (MC) in connecting the Atlantic SSTA forcing and zonal wind anomalies and 

thus ENSO over the equatorial Pacific. When the Atlantic-induced Kelvin wave process is absent, 

the zonal wind anomaly generated by the Rossby wave process only remained in the off-equatorial 

Pacific region, which hardly affects the subsequent ENSO evolution. Further sensitivity 

experiments show that the TNA/EA forcing is not strong enough to alter the sign of a pre-existing 

ENSO, but can modulate the amplitude of the ENSO events. 
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Chapter 1 Introduction  

1.1 Characteristics of El Niño-Southern Oscillation and its climate impacts 

The El Niño-Southern Oscillation (ENSO) is the most dominant mode on interannual 

timescale over the Pacific Ocean. Itôs an ocean-atmosphere coupled phenomenon that represents 

the fluctuation in sea surface temperature (SST) and the overlying atmospheric pressure across the 

equatorial Pacific on a timescale of 2-7 years. El Niño (La Niña) is the warm (cold) phases of the 

oceanic component of ENSO and is characterized by anomalous large-scale sea surface 

temperature warming (cooling) in the equatorial eastern Pacific (Rasmussen and Carpenter 1982; 

Philander 1983). The Southern Oscillation, discovered by the Sir Gilbert Walker, is the 

atmospheric component of the ENSO and represents the pressure difference between the Tahiti 

and Darwin, which reflects the pressure seesaw between the Pacific and the Indonesia region. 

Bjerknes (1969) first connected the El Niño and Southern Oscillation together and suggested that 

they were two aspects of the same phenomenon. The equatorial wind forcing associated with the 

pressure fluctuation would change the equatorial Pacific SST, leading to change in atmospheric 

pressure that would drive anomalous wind to further change SST. This implies that the ocean-

atmosphere interaction is important for ENSO phenomenon.  

Various indices have been defined to identify the temporal evolution of ENSO events, of 

which the most commonly used one is the Niño-3.4 index (area-averaged SST anomalies over the 

region 5°S-5°N, 170°-120°W). The time series of the composite Niño-3.4 index for El Niño events 

(Fig. 1-1) shows that an El Niño event usually starts to develop from the boreal spring, amplify 

during the summer and fall and peaks in the boreal winter. The growth of the El Niño events is 

mainly through the Bjerknes feedback (Bjerknes 1969), which is a positive air-sea feedback among 

the equatorial SST, wind stress, and the tilting of thermocline in the tropical Pacific. The strongest 
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coupled instability during boreal autumn, modulated by the climatological annual cycle (Philander 

1983; Tziperman et al. 1998), leads to the ENSO events to reach their peak during boreal winter 

(Li 1997; Chen and Jin 2020). After the peak, some delayed negative feedbacks, such as delayed 

oscillator (Suarez and Schopf 1988; Battisti and Hirst 1989) or recharge-discharge oscillator 

(Wyrtki, K. 1975; Jin 1997a,b; Li 1997), will lead to the fast decay of the SST anomalies (SSTA) 

in the following spring. 

 

Fig. 1-1 The time evolution of the composite Niño-3.4 index (area-averaged SST anomalies over the 

region 5°S-5°N, 170°-120°W) for El Niño events (red solid line; 1982, 1986, 1987, 1991, 1994, 1997, 

2002, 2004, 2006, 2009, 2015), composite tropical North Atlantic (TNA) index (area-averaged SSTA 

over 5°-25°N, 90°-15°W) for TNA warming events (blue solid line; 1981, 1983, 1987, 1988, 1998, 2005, 

2010) and composite equatorial Atlantic (EA) index (or Atl3 index, area-averaged SSTA over 4°S-4°N, 

20°W-0°) for EA warming events (green solid line; 1984, 1988, 1995, 1996, 1998, 1999, 2008). Red 

shading denotes the peak phase of El Niño events, blue shading denotes the peak phase of TNA events 

and green shading represents the peak phase of the EA events. 

 

A number of studies have shown that ENSO can exert significant impacts on weather and 

climate globally (Fig. 1-2; Horel and Wallace 1981; Philander 1983). During El Niño years, 
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anomalous warm SSTA in the equatorial eastern Pacific tends to shift the tropical convections to 

the central Pacific. This anomalous positive diabatic heating associated with the anomalous 

convections would generate atmospheric waves (Matsuno 1966; Gill 1980) propagating away to 

influence the remote tropics through changing the surface winds or the static stability (Chiang and 

Sobel 2002). In addition, the ENSO-related diabatic heating can also force a stationary Rossby 

wave train (Hoskins and Karoly 1981) propagating poleward to influence the midlatitude climate. 

These atmospheric teleconnections in the northern and southern hemisphere are called the Pacific 

North American (PNA) pattern (Wallace and Gutzler 1981) and the Pacific South American (PSA) 

pattern (Mo and Ghil 1987; Mo and Paegle 2001), which would be stronger during the winter 

season in each hemisphere when the subtropical waveguide (jet stream) is strong.  

 

 

Fig. 1-2 Schematic diagram of the El Niño effects during December through February on global weather. 

(From NOAA National Weather Service; https://www.weather.gov/jetstream/enso_impacts.) 

 

As for the onset mechanisms of the ENSO events, previous studies suggest that the buildup 

of the heat content anomalies in the tropical Pacific is a key precursor (Jin 1997a,b; Meinen and 

McPhaden 2000) and a series of westerly wind events/easterly wind surges (WWEs/EWSs) in the 

western-central Pacific play an important role in the onset and maintaining of ENSO events 
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(Lengaigne et al. 2004). The accumulation of heat content anomalies in the tropics serves as a 

precondition and plays a dominant role; however, not all events with large heat content in the 

Pacific lead to an ENSO event. The eastward propagation of oceanic Kelvin wave resulting from 

WWEs/EWSs is another necessary contribution to trigger the ENSO development. The oceanic 

Kelvin wave associated with WWEs/EWSs would cause the changes in eastern Pacific SSTA by 

the modification of thermocline depth, and the SSTA might be further amplified via the Bjerknes 

feedback. The WWEs/EWSs are influenced by various factors, such as the Madden-Julian 

Oscillation (Madden and Julian 1972; Hendon et al. 2007), tropical cyclones (Harrison and Vecchi 

1997; Lian et al. 2018), cold surges from East Asia (Li 1990) and so on. Moreover, some recent 

studies suggest that the remote forcing from the tropical Indian Ocean (Izumo et al. 2010; Luo et 

al. 2010; Luo et al. 2017) and Atlantic Ocean (Ham et al. 2013a,b; Keenlyside et al. 2013; Wang 

et al. 2017) can also influence the zonal wind anomaly over the equatorial western Pacific to trigger 

ENSO. 

In addition, an increasing number of studies in recent decades focus on exploring the 

ñENSO diversityò or ñENSO complexityò problem (Capotondi et al. 2015; Timmermann et al. 

2018; Wang et al. 2019). It is suggested that ENSO events differ in amplitude, temporal evolution, 

spatial patterns and so on. Some studies classify the ENSO events based on the location of the 

maximum SSTA and showed that there exhibit two types of El Niño events, namely the eastern 

Pacific El Niño that with maximum SSTA center over the equatorial eastern Pacific and central 

Pacific El Niño that peaks near the dateline (Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009). 

While the El Niño events show significant variation in spatial patterns, the La Niña events exhibit 

less spatial diversity. The La Niña events are not a simple mirror image of the El Niño events and 

show many different features, for example, the amplitude asymmetry, evolution asymmetry and 
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pattern asymmetry. It is noted that the amplitude of El Niño is on average stronger than of that La 

Niña (Deser and Wallace 1987; Burgers and Tephenson 1999; An and Jin 2004; Su et al. 2010) 

and the El Niño events usually terminate rapidly after their peak phase and phase transition to La 

Niña events, but many La Niña events tend to persist to the following year still as La Niña events 

(Larkin and Harrison 2002; Kessler 2002; Ohba and Ueda 2007, 2009; Okumura and Deser 2010; 

Chen et al. 2016). As the atmospheric response to SSTA is sensitive to their magnitude and location, 

the diversity of the ENSO events would directly cause the ENSO teleconnection to be nonlinear 

(Hoerling et al. 1997; Frauen et al. 2014; Timmermann et al. 2018). 

 

1.2 Characteristics of the tropical North Atlantic (TNA) and equatorial Atlantic (EA) 

SSTA modes and their climate impacts 

1.2.1 The tropical North Atlantic (TNA) variability 

The tropical North Atlantic (TNA) SST variability is one of the most dominant variability 

over the tropical Atlantic (Enfield and Mayer 1997; Huang et al. 2004; Huang and Shukla 2005; 

Handoh et al. 2006a, b). It is characterized by anomalous SST in the tropical north Atlantic, 

extending from the Caribbean Sea to the eastern coast of the northern Africa. The TNA SSTA 

varies from the seasonal to interannual timescales and usually develops from the boreal winter, 

peaks during the following spring and decays after that (Fig. 1-1). However, the area-averaged 

amplitude of TNA (5°-25°N, 90°-15°W) SSTA is quite moderate compared with the ENSO 

amplitude (Fig. 1-1). 

Previous studies have pointed out that the TNA SSTA is mainly driven by the latent heat 

flux anomalies and the dynamic contributions are very small (Enfield and Mayer 1997; Klein et al. 

1999; Giannini et al. 2000; Alexander and Scott 2002; Czaja et al. 2002; Huang et al. 2002; Wang 
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2004; García-Serrano et al. 2017; Jiang and Li 2019). The latent heat flux anomalies can be induced 

via either the modification of the trade wind anomaly (Enfield and Mayer 1997; Klein et al. 1999; 

Giannini et al. 2000; Alexander and Scott 2002; Czaja et al. 2002; Wang 2004; García-Serrano et 

al. 2017) or the moist convection/stability process (Chiang and Sobel 2002; Chiang and Lintner 

2005; Chang et al. 2006). But the relative contribution of these two processes in inducing the TNA 

heat flux anomalies is not fully understood. As for the origin of the trade wind anomalies over the 

TNA region, it involves with the local air-sea interaction (Huang et al. 2004; Huang and Shukla 

2005) and the remote forcing. Previous studies suggest that ENSO is the main candidate for the 

remote influence on TNA and the ENSO-TNA teleconnection is very robust (Enfield and Mayer 

1997; Klein et al. 1999; Giannini et al. 2000; Alexander and Scott 2002; Czaja et al. 2002; Huang 

et al. 2002; Wang 2004; García-Serrano et al. 2017; Jiang and Li 2019). A positive SSTA tends to 

occur over the TNA region during the decaying spring of an El Niño, while a negative SSTA tends 

to form in the decaying phase of a La Niña event. The mechanisms for how ENSO influence the 

TNA will be discussed in section 1.3.1. In addition to the ENSO, the north Atlantic Oscillation 

(NAO, Barnston and Livezey 1987) is also suggested to influence TNA trade wind anomaly 

change (Czaja et al. 2002; Lee et al. 2008; Chen et al. 2015). The NAO is the leading mode of the 

atmospheric variability over the north Atlantic during boreal winter and reflects the sea level 

pressure fluctuations between the Iceland and the Azores. The southern center of the NAO can 

modify the strength of the north Atlantic subtropical high to induce trade wind anomalies over the 

TNA region. Enfield et al. (2006) stated that the correlation of JanïMar NAO versus Niño 3.4 

index at zero lag is insignificant (-0.18), which means the interannual fluctuations of the NAO can 

randomly interfere or act with the Pacific forcing during the winter months to influence TNA 

SSTA in the following MAM. 
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The broad TNA SSTA has great impact on precipitation, air temperature and atmospheric 

circulation over the surrounding and remote regions (Enfield 1996; Uvo et al. 1998; Wang et al. 

2006; Hatzaki and Wu 2015; Yu et al. 2016). For example, the Atlantic hurricane variability can 

be modulated by the TNA SSTA through influencing the Atlantic warm pool (Wang et al. 2006; 

Vimont and Kossin 2007). Uvo et al. (1998) suggested that the TNA SSTA is significantly 

correlated with the April-May northern Brazil precipitation anomalies. Wu et al. (2011) showed 

that the MAM tri-pole SST anomaly pattern over the North Atlantic which contains the TNA part 

can modify the summer temperature variability in northeast China. Hatzaki and Wu (2015) found 

that the TNA SSTA can also influence the south-eastern Europe winter precipitation anomaly via 

the Rossby wave propagation. Furthermore, some recent studies have suggested a possible tropical 

Atlantic capacitor effect (Wang et al. 2017) in the maintenance of the western North Pacific during 

El Niño decaying summer (Li et al. 2017; Zuo et al. 2019). Some other studies also showed that 

the spring TNA SSTA may serve as a trigger for the following winter ENSO events (Ham et al. 

2013a, b; Wang et. al 2017), which would contribute to the ENSO prediction. More details about 

the mechanisms for TNA teleconnection to the Pacific will be discussed in section 1.3.1. Therefore, 

it is crucial to gain a deeper understanding of the TNA SSTA variability in order to improve the 

climate prediction locally and remotely. 

 

1.2.2 The equatorial Atlantic (EA) variability 

Another dominant interannual SSTA variability over the tropical Atlantic is the equatorial 

Atlantic (EA) variability (Zebiak 1993; Carton and Huang 1994; Huang and Shukla 2005). The 

EA mode, which is also called the ñAtlantic Ni¶oò, is characterized by significant SSTA over the 

equatorial and Atlantic cold tongue region with maximum variability during boreal summer (Fig. 
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1-1) (Xie and Carton 2004; Keenlyside and Latif 2007). The composite EA (or Atl3 index, defined 

as the area-averaged SSTA over 4°S-4°N, 20°W-0°) index shows that the EA SSTA usually 

develops from the springtime, peaks during the summertime and decays after that (Fig. 1-1). The 

amplitude of the EA events is also much smaller than the Pacific ENSO events (Fig. 1-1). 

The EA variability is associated with the ocean dynamics and air-sea interaction processes, 

sharing some similarities with the Pacific ENSO phenomenon. For example, the Bjerknes feedback 

(Bjerknes 1969), which is suggested to be the dominant process in leading the SST growth in the 

eastern Pacific, is also important for the EA variability (Keenlyside and Latif 2007; Deppenmeier 

et al 2016). A relaxation of the trade winds in the western Atlantic could result in a deeper 

thermocline and the surface SSTA warming in the east, which would further cause the relaxation 

of the trade wind anomalies in the western Atlantic to continue this positive feedback loop. 

However, Richter et al (2013) found that some Atlantic Niño events are not generated by the wind 

stress variations associated with the Bjerknes feedback, which they refer to as the ñnon-canonicalò 

events. They suggested that the ñnon-canonicalò events are partly contributed by the meridional 

temperature advection from the north. Furthermore, Nnamchi et al. (2015, 2016) used multi-model 

numerical experiments to show that the thermodynamic feedbacks excited by stochastic 

atmospheric perturbation can also explain part of the EA SSTA variability. It is noted that the 

anomalous wind field in the western Atlantic is important in generating the EA variability and this 

wind anomaly can be generated either by local or remote forcing (eg. ENSO) or occur 

stochastically.  

Many previous studies have indicated that the EA SSTA variability can have significant 

climate impacts over the surrounding and remote regions. For example, the interannual variability 

of the west Africa Monsoon is significantly influenced by the EA SSTA via modulating the 
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pressure gradient between the equatorial Atlantic and the west Africa land region (Brandt et al. 

2011). The SSTA change along over the southeastern tropical Atlantic can influence the 

precipitation and ecosystem locally (Rouault et al. 2003; Reason and Rouault 2006). And the EA 

SSTA change can also generate atmospheric diabatic heating over the tropical ITCZ region to 

induce atmospheric Rossby wave train to influence the extratropical region (Haarsma and 

Hazeleger 2007; Garcia-Serrano et al. 2011). Moreover, the EA variability is suggested to be able 

to influence the Indian monsoon rainfall (Kucharski et al. 2007, 2009) and the ENSO variability 

(Rodriguez et al. 2009; Ding et al. 2012; Polo at al. 2015). Therefore, it is important to advance 

out current understanding of the EA SSTA variability to improve the climate prediction within and 

beyond the equatorial Atlantic. 

 

1.3 The two-way interaction between the ENSO and TNA/EA SSTA 

Previous sections have discussed the basic features and climate impacts of the ENSO over 

the tropical Pacific and the TNA/EA modes over the tropical Atlantic. ENSO, as one of the most 

dominant climate variability over the globe, can change the global atmospheric circulations to 

result in extreme weather and climate events (e.g., droughts, flooding, heatwaves, wildfire, etc.) 

worldwide, influencing agricultural production, economic activity, public health, and marine 

ecosystems in many countries. Although much progress has been achieved in understanding 

fundamental ENSO dynamics and improving ENSO prediction in recent decades, current state-of-

art climate models still have difficulty in accurately simulating and predicting ENSOôs amplitude, 

structure, and evolution. Classic ENSO dynamic frameworks emphasized the importance of the 

local precursory signals in the Pacific (such as equatorial Warm Water Volume, WWV) for 

predicting ENSO according to the recharge oscillator theory (Jin 1997; Li 1997; Meinen and 
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McPhaden 2000). However, some recent studies have pointed out that the climate variability 

outside the Pacific might also affect ENSOôs evolution and provide additional information in 

predicting ENSO (e.g., Izumo et al. 2010; Luo et al. 2010; Ham et al. 2013; Keenlyside et al. 2013; 

Luo et al. 2017). The Atlantic Ocean, which is the second-largest ocean basin of the world, is 

another crucial origin of climate variability that can influence precipitation, air temperature, and 

atmospheric circulations over the surrounding and remote regions. Many studies have shown that 

the Pacific ENSO could exert significant impact on the tropical Atlantic SSTA variability (Enfield 

and Mayer 1997; Chang et al. 2006) and the tropical Atlantic variability might also feed back to 

the ENSO variability (Ham et al. 2013; Keenlyside et al. 2013). Thus, a better understanding of 

the two-way interaction between the tropical Pacific and tropical Atlantic would advance our 

understanding of the cross-basin interaction dynamics and improve the capability of the 

operational global climate models in predicting of the climate variabilities in each basin and their 

teleconnection patterns. Fig. 1-3a-b presents the schematic diagram of major inter-basin 

teleconnection processes between the tropical Pacific and tropical Atlantic that we will discuss in 

the following. 
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Fig. 1-3 Schematic diagram summarizing (a) influence of the Pacific on the tropical Atlantic and (b) 

influence of the tropical Atlantic on the Pacific. (a) Red shading indicates warm SSTA, gray shading 

indicates insignificant response to ENSO; Black circles represent El Niño-induced Rossby wave train 

(PNA pattern, ñHò means high pressure; ñLò means low pressure); Yellow shading denotes the 

suppressed Amazon rainfall; Blue arrows denotes the El Niño-induced Kelvin wave response; Purple 

circles represent the Gill -response to the Amazon heat sink (ñCò means cyclonic circulation; ñACò means 

anticyclonic circulation); Red bold arrow indicates the warm meridional advection; Green vector 

indicates northward cross-equatorial flow and ñRWò denotes oceanic Rossby wave; Gray vectors denote 

El Niño-induced Walker circulation. (b) Red and blue shading indicate warm and cold SSTA; Cyclonic 

purple circle denotes the Rossby wave response to the TNA warming and the anticyclonic purple circle 
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denotes Rossby wave response to the subtropical northeastern Pacific negative heating induced by the 

TNA-induced cyclonic Rossby wave circulation (ñCò means cyclonic circulation; ñACò means 

anticyclonic circulation); Black vector indicates the TNA-induced Kelvin wave response; Yellow vector 

denotes the wind response to the Kelvin wave-monsoon interaction over the Northern Indian Ocean; 

Green dashed vector indicates the climatological mean wind; Gray hollow arrows represent EA-induced 

Walker circulation mechanisms. 

 

1.3.1 Two-way interaction between the ENSO and TNA SSTA 

Previous literatures have pointed out that a significant warm SSTA occurs over the TNA 

region during El Niño decaying spring (Enfield and Mayer 1997; Klein et al. 1999; Saravanan and 

Chang 2000; Alexander and Scott 2002; Chiang and Sobel 2002). The ENSO-induced latent heat 

flux anomaly is mainly responsible for the development of the TNA SSTA and there are two main 

mechanisms involved. The first mechanism is the ñtrade wind reduction mechanismò which 

emphasizes the importance of the trade wind change in inducing the latent heat flux anomaly 

(Enfield and Mayer 1997; Klein et al. 1999; Giannini et al. 2000; Alexander and Scott 2002; Czaja 

et al. 2002; Wang 2004; García-Serrano et al. 2017). For example, the weakening of the northeast 

trade winds would reduce the surface evaporation to cause the SSTA warming over the TNA 

region. The origin of the trade wind anomalies is involved with different mechanisms. Some 

studies argued that the anomalous low-pressure center located over the southeast United States 

which is associated with Pacific North American (PNA; black circles in Fig. 1-3a, Wallace and 

Gutzler 1981) is responsible for the reduced trade wind (Enfield and Mayer 1997; Klein et al. 1999; 

Giannini et al. 2000; Alexander and Scott 2002). The PNA teleconnection pattern is a poleward-

propagating Rossby wave train the can be generated by the tropical Pacific heat source. The PNA 

pattern exhibits a quasi-barotropic structure (Simmons et al. 1983) and the positive phase of the 

PNA pattern is characterized with positive geopotential height anomalies in the vicinity of Hawaii 
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and over the northwestern America, and negative geopotential height anomalies over the Aleutian 

Islands and the southeastern United States. The southwesterly wind associated with the low-

pressure system over the southeastern United States can reduce the climatological mean wind. 

Moreover, a recent study (García-Serrano et al. 2017) indicated that the reduced trade winds can 

also be attributed to the remote Gill response towards the Amazon basin heat sink, which is a 

tropically originated mechanism. The Amazon heat sink (yellow shading in Fig. 1-3a), which is 

associated with perturbations in Walker circulation (gray arrows in Fig. 1-3a), leads to the 

establishment of a pair of anomalous cyclonic circulations at upper-troposphere in TNA region 

(purple dashed circle in Fig. 1-3a). While in the low-level troposphere, the mirrored anomalous 

anticyclonic circulation (purple solid circle in Fig. 1-3a) weakens the northeasterly trade winds, 

leading to a reduction in evaporation and the ocean mixed-layer depth, hence to positive SSTA. 

However, it is shown that the anomalous anticyclonic circulation appears in-phase with the 

Amazon heat sink, which is not to the west of the heat source as suggested by Gill (1980). The 

author suggest that it may due to the background mean flow modulation. Therefore, the weakening 

of trade wind is contributed by both the El Niño-induced forcing from extratropic (PNA pattern) 

and tropic (remote Gill response to suppressed tropical Atlantic rainfall) and the relative roles of 

these two processes are unknown. 

The second mechanism responsible for the ENSO-induced TNA surface latent heat flux 

change is the ñtropospheric temperature mechanismò (Chiang and Sobel 2002; Chiang and Lintner 

2005; Chang et al. 2006), in which the upper-tropospheric temperature anomalies are linked to the 

surface via moist convection/stability processes. Chang et al. (2006) pointed out that the 

tropospheric warming signal which propagates eastward in the form of equatorial Kelvin wave 

tends to stabilize the environment, reduce moist convection and accumulate energy in the boundary. 
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This process may be understood from the bulk formula of latent heat flux (ὒὌ

”ὅὒȿὟȿή ή ) that as the moist energy increase in boundary layer, ή (air specific 

humidity anomaly) would increase and thus ὒὌ (positive downward) would increase, which leads 

to reduced evaporation from the ocean surface and generates warming of the ocean mixed layer. 

They also showed that in the deep tropical Atlantic, this mechanism works most effectively from 

late boreal winter to early spring when the sea surface temperature (SST) is warmest seasonally 

and the Intertropical Convergence Zone (ITCZ) is closest to the equator. Whether the 

ñtropospheric temperature mechanismò or ñtrade wind reduction mechanismò is more crucial in 

generating the TNA SSTA is also not well understood. 

In addition, the TNA SSTA may further feed back to the Pacific climate (Rong et al. 2010; 

Ham et al. 2013; Yu et al. 2016; Wang et al. 2017) and influence the wind and SST anomalies over 

the tropical Pacific. The processes through which the TNA SSTA affects the Pacific climate may 

be separated into two groups (Li et al. 2017). One is through the Rossby wave response to the west 

of the anomalous heat source over the TNA (Ham et al. 2013a; Ham et al. 2013b; Wang et al. 

2017). The other way is via the Kelvin wave response to the east of the anomalous heat source 

over the TNA (Rong et al. 2010; Yu et al. 2016). Ham et al. (2013a) suggested that a MAM (March-

April -May) TNA warming could serve as a trigger for the subsequent wintertime La Niña event. 

In brief, a MAM TNA warming would induce a positive heating anomaly over the Atlantic ITCZ, 

which would generate a low-level cyclonic circulation anomaly to the west as a Rossby wave 

response (purple arrow in Fig. 1-3b). Northerly anomaly in the western flank of the anomalous 

cyclone enhances the trade wind over the northeastern Pacific, leading to a cold SSTA there (light 

blue shading in Fig. 1-3b). This cooling effect, together with the atmospheric cold and dry 

advection, suppresses convection in situ and induces a low-level anticyclonic flow to its west 



 23 

(purple arrow in Fig. 1-3b). Easterly anomaly in the southern flank of the anticyclone acts as a 

trigger for the occurrence of La Niña by inducing upwelling Kelvin wave propagating eastward. 

However, as pointed out by Ham and Kug (2015), in CMIP3 and CMIP5 models, the TNA-induced 

Rossby wave process over the subtropical northeastern Pacific is weak and undetected. Therefore, 

there is a need to re-examine the Rossby wave effect.  

In addition to the Rossby wave process, the Kelvin wave process is also considered to be 

an effective way to influence the Pacific climate (black and yellow arrows in Fig. 1-3b). Rong et 

al. (2010) pointed out that the MAM TNA SSTA may act as a ñbridgeò to link the preceding 

wintertime ENSO to the East Asian monsoon in subsequent summer through the TNA-induced 

atmospheric easterly Kelvin wave, which can generate anticyclonic shear over the Western North 

Pacific (WNP). Besides, Yu et al. (2016) proposed an ñIndian Ocean relay effectò, which 

highlights the role of the Indian Ocean in conveying the impact from the tropical Atlantic to the 

Pacific. Their results show that the cold SSTA in TNA can induce anomalous low-level westerly 

in the tropical Indian Ocean as a Kelvin wave response, and this anomalous westerly þow 

superimposes on the mean westerly in the northern Indian Ocean (NIO) during boreal summer, 

increases local surface wind speed and surface evaporation to cool the SST in situ. Cold SSTA in 

the NIO further suppresses local convection, inducing anomalous westerlies to its east as a Kelvin 

wave response, leading to enhanced cyclonic vorticity over the WNP monsoon trough region to 

favor the tropical cyclone genesis. However, these two studies mainly emphasize the role of the 

TNA-induced Kelvin wave on the formation of the WNP anomalous circulations. It is not clear 

whether the TNA-induced Kelvin wave could significantly influence the Pacific ENSO evolution 

and the relative importance of the Rossby wave process and Kelvin wave process in inducing the 

ENSO variability is unclear. 
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1.3.2 Two-way interaction between the ENSO and EA SSTA 

In addition to the two-way interaction between the ENSO and TNA variability, the EA 

variability is also considered to have an interaction with ENSO. Although ENSO could exert far-

reaching impacts around the globe, its influence on the EA variability is very insignificant. Chang 

et al. (2006) and Lubbecke and McPhaden (2012) have shown that ENSO influence on the 

subsequent summertime Atlantic Niño is ambiguous, with El Niño events sometimes followed by 

warm SST anomalies over the Atlantic cold tongue region but sometimes by cold SST anomalies. 

Chang et al. (2006) pointed out that there are two competing mechanisms induced by El Niño in 

influencing the equatorial Atlantic SSTA. The first one is a dynamic mechanism: El Niño-induced 

easterly anomaly over the equatorial western Atlantic tends to generate Bjerknes feedback to cause 

cooling over the equatorial eastern Atlantic (Blue arrow in Fig. 1-3a). Another one is a 

thermodynamic mechanism: El Niño-induced tropospheric warming signal tends to modulate the 

moist/stability process to induce surface warming over the equatorial Atlantic. Chang et al. (2006) 

pointed out that the response of equatorial Atlantic SSTA to ENSO is weak due to the 

compensation of these two effects. In addition, Lubbecke and McPhaden (2012) indicated that as 

the SSTA warming forms over the tropical North Atlantic during El Niño decaying spring, the 

northward cross-equatorial flow tends to generate a negative wind stress curl to induce westward 

propagating downwelling Rossby wave (green arrow in Fig. 1-3a). When the downwelling Rossby 

wave hits the western boundary, it will reflect into the downwelling Kelvin wave propagating 

eastward to induce warming. Moreover, Richter et al. (2013) suggested that the meridional warm 

advection (Red bold arrow in Fig. 1-3a) from the north also tends to offset the initial dynamic 
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cooling effect. Therefore, due to the competition of different mechanisms acting in the equatorial 

Atlantic, the EA SSTA response to ENSO during its decaying summer is not robust. 

Even the response of equatorial Atlantic SSTA to ENSO is not significant, many studies 

suggest that the EA SSTA can have a robust influence on ENSO since the 1970s with a statistically 

significant negative correlation when the EA index leads ENSO index by around six months 

(Keenlyside and Latif 2007; Polo et al. 2008; Rodriguez et al. 2009; Ding et al. 2012). The possible 

underlying mechanism suggests that the EA SSTA can induce an anomalous ascending motion 

over the Atlantic and anomalous subsidence over the central Pacific (gray hollow vectors in Fig. 

1-3b). The divergence associated with the subsidence induces easterly wind anomalies over the 

central/western Pacific, which excites the oceanic upwelling Kelvin wave propagating eastward to 

trigger the Pacific Bjerknes feedback and lead to the development of a La Niña event 6 months 

later (Polo et al. 2015). However, this raises an issue of what determines the horizontal length scale 

of the Walker Circulation. According to the Gill -Matsuno type response (Gill 1980), the horizontal 

length scale of a Rossby wave response to the west of a heat source is three times shorter than that 

of a Kelvin wave response to the east. Therefore, if an anomalous descent over the Maritime 

Continent is viewed as a direct Rossby wave-induced Walker Circulation response to El Niño 

heating over the dateline with a longitudinal distance of 60°, it is unphysical to assume that the 

descent over the dateline is a direct Rossby wave-induced Walker Circulation response to the EA 

forcing given that the longitudinal distance is 2-3 times larger. Therefore, it might not be accurate 

to argue that the easterly anomaly over the equatorial western Pacific is resulted from the EA-

induced descent anomaly over the central Pacific. Instead, it is possible that the easterly anomaly 

over the equatorial western Pacific is a direct response of the EA-induced Kelvin wave and is 

amplified by local air-sea interaction, which eventually leads to the descent anomaly over the 
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central Pacific. In this scenario, the descent anomaly over the central Pacific and the anomalous 

Walker Circulation shown in the summertime may reflect the seasonal mean equilibrium state and 

is not the cause for the generation of easterly anomaly over the equatorial western Pacific. This 

motivates us to investigate specific processes through which the equatorial Atlantic heating affects 

circulation in the Pacific.  

 

1.4 Motivation and outline 

Although a lot of observational and modeling work has been conducted to investigate the 

two-way interaction between the tropical Pacific and tropical Atlantic, some outstanding issues 

still remain. First, it has been shown that ENSO could influence the tropical North Atlantic (TNA) 

SSTA a few months after its peak phase through the modulation of the surface latent heat flux, and 

the mechanisms that lead to the latent heat flux anomaly are basically divided into the ñtrade wind 

reduction mechanismò (Enfield and Mayer 1997; Klein et al. 1999; Alexander and Scott 2002; 

Czaja et al. 2002; Wang 2004; García-Serrano et al. 2017) and ñtropospheric temperature 

mechanismò (Chiang and Sobel 2002; Chiang and Lintner 2005; Chang et al. 2006) discussed 

above. However, the relative contribution of the ñtrade wind reductionò and the ñtropospheric 

temperature mechanismò in inducing the TNA surface heat flux change is unclear. As for the ñtrade 

wind reduction mechanismò, the weakening of trade wind over the TNA region are primarily 

contributed by the forcing from extratropic (low-pressure system over Florida region associated 

with El Niño-induced PNA pattern) and tropic (remote anticyclonic Gill response to the El Niño-

induced suppressed tropical Atlantic rainfall). And the relative role of the extratropical pathway 

and tropical pathway in causing the trade wind change over the TNA region is also largely 

unknown. We will address these two problems in the first part of this dissertation to deepen our 
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understanding of the quantitative role of ENSO-induced pathways in influencing the TNA 

variability. 

Second, previous studies have demonstrated that wintertime ENSO provides low 

predictability to the equatorial Atlantic (EA) variability six months later (Chang et al. 2006; 

Lubbecke and McPhaden 2012), but the EA SSTA may exert a great impact on ENSO variability 

six months later (Keenlyside et al. 2013; Polo et al. 2015). We will show that the robust connection 

between the ENSO and EA variability also occurs simultaneously during summertime after the 

1970s. However, this simultaneous correlation cannot tell the causality, that is, whether the Pacific 

influences the Atlantic or the Atlantic impacts the Pacific, and the cause of this simultaneous 

relationship between the EA and ENSO index is largely unknown. A better understanding of this 

issue could help us tell the causality between the ENSO and EA variability and deepen our current 

knowledge of the two-way interaction between the Pacific and the equatorial Atlantic. Therefore, 

in the second part of the dissertation, we would like to further investigate the relationship between 

the ENSO and EA variability, reveal the cause of the simultaneous negative correlation between 

EA and ENSO index during summertime, and shed light on improving EA predictability based on 

different ENSO preconditions. 

Third, some recent studies have indicated that the TNA and EA variability may influence 

the ENSO variability to some extent, but whether the impacts of the tropical Atlantic on the Pacific 

are robust is still under hot debate, and the quantitative contribution of the tropical Atlantic on the 

Pacific is largely unknown. It has been suggested that the TNA and EA SSTA modes may favor 

the development of a Central Pacific (CP) and an Eastern Pacific (EP) type of ENSO in subsequent 

seasons, respectively (Ham et al. 2013b), but the physical mechanisms through which the TNA 

and EA variability influence ENSO are still not well-understood. Many previous studies emphasize 
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the processes to the west of the Atlantic heat source, however, whether the processes to the east of 

the Atlantic heat source is important in generating ENSO is elusive. In addition, most of the 

previous studies discussed the individual impact of the TNA and EA variability on ENSO; 

however, in nature, the TNA and EA SSTA usually co-exist in the tropical Atlantic, and the impact 

of the Atlantic basin-wide SSTA variability on ENSO is largely unknown. Moreover, as the impact 

of the TNA/EA SSTA on the Pacific is involved with the Pacific self-oscillation, the quantitative 

contribution of the TNA/EA forcing on the Pacific will be investigated. Therefore, in the third part 

of this dissertation research, we will conduct a comprehensive observational and modeling 

analyses of the individual and joint impacts of the TNA and EA variability on the Pacific ENSO 

evolution and diversity, aiming to reveal the physical mechanisms through which the different 

Atlantic SSTA modes influence the Pacific and estimate the quantitative contribution of the 

TNA/EA forcing on the Pacific. 

From the above discussion, it is clear that the climate variabilities over the tropical Pacific 

and the tropical Atlantic are possible to interact with each other, but the understanding of the 

interaction dynamics is limited. Because the observational record is relatively short and these 

climate variabilities are coupled to each other, the inter-basin teleconnection processes detected 

from observations remain uncertain. Therefore, in this dissertation research, in spite of the 

observational analysis, we also adopt the global Atmospheric General Circulation Model (AGCM) 

and ocean-atmosphere Coupled General Circulation Model (CGCM) to conduct numerical 

experiments to promote our understanding of the inter-basin teleconnection processes. 

The overall objective of this dissertation research is to reveal the inter-basin teleconnection 

process between the tropical Pacific and the tropical Atlantic, aiming to deepen our current 

understanding of the cross-basin interaction dynamics and improve the capability of the state-of-
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art global climate models in predicting ENSO and the Atlantic variability. The main dissertation 

research is organized as follows. In Chapter 2, the data, methods, and models to be used in this 

dissertation research are presented. In Chapter 3, the relative roles of El Niño-induced extratropical 

and tropical forcing in generating the Tropical North Atlantic (TNA) SST anomaly are investigated 

through observational analysis and numerical simulations. The physical mechanisms through 

which the El Niño influences the TNA SST anomaly via extratropical pathway and tropical 

pathway and their relative contribution will be revealed. In Chapter 4, we examine the relationship 

between ENSO and equatorial Atlantic (EA) variability through observational analysis and 

numerical simulations. The observational feature of the ENSO-EA relationship and the cause of 

the simultaneous negative correlation between the ENSO and EA index during the summertime 

will be unveiled. Chapter 5 mainly focuses on investigating the impact of different tropical Atlantic 

variability on ENSO. The physical mechanisms through which the tropical Atlantic basin-wide 

SSTA modes and individual TNA and EA SSTA affect the wind and SST in the tropical Pacific 

will be revealed, and the quantitative role of the TNA/EA forcing on the Pacific will be 

investigated. Finally, the conclusion and discussion of the remaining open questions are given in 

Chapter 6. 
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Chapter 2 Data, Methods and Models 

2.1 Data 

The datasets used in this study include (1) monthly precipitation data from the Global 

Precipitation Climatology Project (GPCP; Adler et al. 2003); (2) monthly SST data from the 

Extended Reconstructed Sea Surface Temperature version 5 (ERSSTv5; Huang et al. 2017) and 

the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST; Rayner et al. 2003); 

(3) monthly horizontal wind, geopotential height, specific humidity, temperature from National 

Centers for Environment Prediction (NCEP)-Department of Energy (DOE) AMIP II reanalysis 

(NCEP2; Kanamitsu et al. 2002) and the interim ECMWF Re-Analysis products (ERA-interim; 

Dee et al. 2011); (4) monthly horizontal currents, vertical currents and ocean temperature are from 

the NCEP Global Ocean Data Assimilation System (GODAS; Saha et al. 2006); (5) monthly 

surface heat flux data from the Woods Hole Oceanographic Institution (WHOI) objectively 

analyzed air-sea fluxes (OAFlux; Yu et al. 2008). 

 

2.2 Methods 

2.2.1 Mixed layer heat budget 

To understand the relative roles of ocean dynamics processes and surface heat fluxes in 

causing the SSTA change, an ocean mixed layer heat budget is performed. The mixed layer 

temperature anomaly (MLTA) tendency equation is written as: 
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Where Ὕ represents the mixed layer temperature; όȟὺȟύ represents three-dimensional ocean 

currents; ‬‬ὼϳ , ‬‬ώϳ , ‬‬ᾀϳ  denotes the three-dimensional gradient operator; a prime sign 
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indicates the interannual anomaly; a bar sign indicates the climatological mean state; the first nine 

terms on the right-hand side represent the dynamical three-dimensional temperature advection 

contributing to the MLTA change; ὗ  indicates the net ocean surface heat flux, which includes 

latent heat flux, sensible heat flux, shortwave radiation, and longwave radiation (positive denoting 

that the ocean gains heat); ” ρπὯὫάϳ  is the density of water, ὅ τπππὐ ὯὫẗὑϳ  is the 

specific heat of water, Ὄ denotes the ocean mixed layer depth (MLD). All the terms calculated 

in ὩήȢς ρ are based on ocean reanalysis datasets GODAS and surface heat flux data OAFlux, 

and each term is averaged within the mixed layer. 

 

2.2.2 Linearization of the bulk aerodynamic formula for latent heat flux 

To evaluate the relative contribution of anomalous wind speed and air-sea specific 

humidity anomaly in causing the surface latent heat flux (LHF) anomaly. We conduct linearization 

towards the bulk aerodynamic formula for LHF, and the equation is written as: 

ὒὌ ”ὅὒȿὟȿή ή ”ὅὒȿὟȿή ή ”ὅὒȿὟȿή ή ”ὅὒȿὟȿή ή  ὩήȢς ς 

Where the prime sign and bar sign denotes the same meaning as ὩήȢρ. On the right-hand side of 

ὩήȢς ς, ”ὅὒȿὟȿή ή  represents the LHF anomaly caused by anomalous wind speed 

anomaly and ”ὅὒȿὟȿή ή  represents the LHF contributed from the air-sea specific 

humidity difference anomaly. ” ρȢςςυὯὫάϳ  is the air density; ὅ ρȢρẗρπ denotes the 

moisture exchange coefficient; ὒ ςȢυẗρπὐὯὫϳ  represents the latent heat of evaporation; ȿὟȿ 

denotes the surface horizontal wind speed at a reference height (where we select 1000 hPa in this 

study); ή represents the saturated specific humidity at SST (which is calculated based on 

saturation water vapor pressure using SST and sea level pressure data); ή is the air specific 

humidity at the reference height. 
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2.2.3 Partial regression analysis 

Partial regression analysis is applied to show the linear relationship between two variables 

after excluding the linear influence of the third factor, following Saji and Yamagata (2003) and 

Ham et al. (2013a).  

 

2.2.4 Significant test 

For the significance test, a two-tailed Studentôs T-test is adopted for composite analysis, 

and an F-test is used for regression analysis and partial regression analysis. 

 

2.3 Models 

2.3.1 Simplified linear atmospheric model 

The simplified linear atmospheric model we used is the linear baroclinic model (LBM), 

which is described in detail by Watanabe and Kimoto (2000) and Watanabe and Jin (2002). LBM 

is a primitive-equation model linearized toward the observed climatology derived from the NCEP-

NCAR or ECMWF reanalysis data. The horizontal resolution we use in LBM is T42, and the 

vertical levels are 20 sigma levels. LBM dry model is forced by prescribed diabatic heating, which 

extends from 900-100 hPa, and the vertical profile is given as a gamma function, with the 

maximum heating rate (1K/day) at 500 hPa. The horizontal heating pattern is given as the realistic 

precipitation composite result.  

 

2.3.2 Atmospheric General Circulation Model (AGCM) 

2.3.2.1 ECHAM 
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The atmospheric general circulation model (AGCM) used in Chapter 3 is ECHAM version 

4.6 (hereafter ECHAM4), which was developed by the Max Planck Institute for Meteorology (MPI) 

(Roeckner et al. 1996). The model is run at a horizontal resolution of spectral triangular 42 (T42), 

roughly equivalent to 2.8 latitudes  2.8 longitudes and with 19 vertical levels in a hybrid sigma 

pressure coordinate system extending from the surface to 10hPa. The convection scheme is based 

on the mass flux scheme of Tiedtke (1989), the surface fluxes of momentum, heat, and moisture 

are based on the Monin-Obukhov similarity theory. 

2.3.2.2 CAM 

The AGCM used in Chapter 4 is CAM version 4 (hereafter CAM4), which was developed 

by National Center for Atmospheric Research (NCAR) (Neale et al. 2013). The model is run at a 

horizontal resolution of 1.9 latitude  2.5 longitude and with 26 vertical levels in a hybrid sigma 

pressure coordinate system extending from the surface to 10hPa.  

 

2.3.3 Coupled General Circulation Model 

The Coupled General Circulation Model (CGCM) adopted in this study is the Community 

Earth System Model (CESM) version 1.2.2 that is developed by the National Center for 

Atmospheric Research (NCAR) (Hurrell et al. 2013). Its atmospheric component is the 

Community Atmosphere Model (CAM) version 4 (Neale et al. 2013), and the oceanic component 

is an extension of the Parallel Ocean Program (POP), version 2 (Smith et al. 2010). The horizontal 

resolution for the atmospheric model is 0.9 latitude  1.25 longitude and for the oceanic model is 

an irregular grid (approximately 0.58  0.58).  
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Chapter 3 Relative roles of El Niño-induced extratropical and 

tropical forcing in generating Tropical North Atlantic (TNA) 

SST anomaly 

3.1 Introduction 

As we discussed in section 1.3.1, ENSO could influence the tropical North Atlantic (TNA) 

SSTA a few months after its peak phase through the modulation of the surface latent heat flux. 

The latent heat flux anomalies can be induced via either the modification of the trade wind anomaly 

(Enfield and Mayer 1997; Klein et al. 1999; Giannini et al. 2000; Alexander and Scott 2002; Czaja 

et al. 2002; Wang 2004; García-Serrano et al. 2017) or the moist convection/stability process 

(Chiang and Sobel 2002; Chiang and Lintner 2005; Chang et al. 2006), which we defined as the 

ñtrade wind reduction mechanismò and ñtropospheric temperature mechanismò. However, the 

relative role of the ñtrade wind reductionò and the ñtropospheric temperature mechanismò in 

inducing the TNA surface heat flux change is unclear. As for the ñtrade wind reduction 

mechanismò, the weakening of trade wind over the TNA region are primarily contributed by the 

forcing from extratropic (low-pressure system over Florida region associated with El Niño-induced 

PNA pattern) and tropic (remote anticyclonic Gill response to the El Niño-induced suppressed 

tropical Atlantic rainfall). And the relative role of the extratropical pathway and tropical pathway 

in causing the trade wind change over the TNA region is also unknown. Therefore, in this chapter, 

I would like to investigate these two problems to deepen our understanding of the quantitative role 

of ENSO-induced pathways in influencing the TNA variability. 

The remaining part of this chapter is organized as the following. Chapter 3.2 describes the 

model experiments design for this chapter. Chapter 3.3 shows the observational feature of the TNA 

Jiang, L., and T. Li, 2019: Relative roles of El Niño-induced extratropical and tropical forcing in generating Tropical North 

Atlantic (TNA) SST anomaly. Climate Dynamics, 53, 3791ï3804, https://doi.org/10.1007/s00382-019-04748-7. 
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SSTA response to ENSO. Chapter 3.4 describes the relative contribution of extratropical and 

tropical forcing in inducing TNA trade wind anomaly. Discussion and conclusion are given in 

Chapter 3.5. 

 

3.2 Model experiments design 

3.2.1 Atmospheric General Circulation Model (AGCM) experiments 

In order to confirm the results of the observational analysis, some idealized AGCM 

experiments are designed. The AGCM used in this chapter is ECHAM version 4.6 (hereafter 

ECHAM4), and the detailed model description is presented in Chapter 2.3. Table. 3-1 lists the 

experiments we conduct using ECHAM4. The first one is the control run (CTRL run), in which 

the model is forced with the observed monthly climatology SST and integrated for 20 years. The 

second experiment is referred to as NIÑO run, in this experiment, El Niño composite (1982, 1986, 

1987, 1991, 1994, 1997, 2002, 2004, 2006, 2009, 2015) SSTA is added to the climatological SST 

over the central-eastern Pacific Ocean (10°S-10°N, 160°E-80°W). In the third experiment (NPNA 

run), while given the same SSTA forcing as NIÑO run, a strong Newtonian-type damping is 

applied to force the model prognostic variables (e.g., όȟὺȟήȟὝ) towards the model climatological 

annual cycle obtained from the CTRL run over the mid-Pacific region (15°-26°N, 90°E-85°W). 

By doing so, we intend to prevent the Rossby wave propagating to the mid-latitudes, which would 

further influence the establishment of the PNA teleconnection. In this way, the PNA influence on 

TNA wind anomaly is greatly reduced. The fourth experiment, NATL run, which adds the same 

forcing as NIÑO run but with an additional positive diabatic heating rate anomaly extends from 

1000hPa-10hPa over the tropical Atlantic region (5°S-10°N, 70°W-0°). The vertical profile of the 

prescribed heating is given as a gamma function, with maximum heating rate at 600hPa and the 
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horizontal pattern is given as the precipitation field obtained from the NIÑO run over tropical 

Atlantic region but with an opposite sign. Thus, the effect of the ENSO-induced negative heating 

anomaly over the tropical Atlantic region can be regarded to be largely cancelled by the prescribed 

positive heating anomaly. All the model results are shown in DJF (December-January-February) 

average and contains 20 ensemble members with different initial conditions. 

Table. 3π1 List of numerical experiments conducted by ECHAM4 

Experiments Description 

CTRL run Forced by global climatological SST 

NI¤O run Forced by El Ni¶o year composite SSTA plus climatological SST 

over Pacific Ocean (10ÁS-10ÁN, 160ÁE-80ÁW) 

NPNA run Forced by the same forcing as NI¤O run but a strong Newtonian-

type damping is applied to force the model prognostic variables 

(e.g., όȟὺȟήȟὝ ) toward the model climatological annual cycle 

obtained from the CTRL run over the mid-Pacific region (15Á-

26ÁN, 90ÁE-85ÁW) 

NATL run Forced by the same forcing as NI¤O run but an additional positive 

diabatic heating anomaly extends from 1000hPa-10hPa is given 

over tropical Atlantic region (5ÁS-10ÁN, 70ÁW-0Á) 
 

 

3.2.2 Simplified linear atmospheric model-LBM experiments 

In order to figure out the relative roles of the different part of the tropical Atlantic heating 

anomaly in driving the anomalous southwesterly over TNA region, three sets of numerical 

experiments are conducted using the linear baroclinic model (LBM). The detailed model 

description of LBM can be found in Chapter 2.3. 

The first one is forced by total tropical Atlantic negative heating anomaly (ATLA run), the 

second one is forced by Atlantic ITCZ negative heating anomaly (ITCZ run) and the last one is 

forced by Amazon negative heating anomaly (AMAZ run). 
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3.3 Observational feature of TNA SSTA response to ENSO 

Firstly, the response of TNA SSTA to ENSO is investigated. Fig. 3-1 shows the lagged 

regression map of D(0)JF(1)/MAM(1)/JJA(1) SSTA onto D(0)JF(1) Niño-3.4 index. Consistent 

with the previous studies (Enfield and Mayer 1997; Klein et al. 1999; Giannini et al. 2000; 

Alexander and Scott 2002; Czaja et al. 2002; Wang 2004; García-Serrano et al. 2017), significant 

warm SSTA over the TNA region (which we define as 10-25°N, 70-15°W) develops from El Niño 

mature D(0)JF(1) (Fig. 3-1a), peaks during El Niño decaying MAM(1) (Fig. 3-1b) and decays 

afterward (Fig. 3-1c).  

 

Fig. 3-1 Regression of (a) D(0)JF(1), (b) MAM(1), (c) JJA(1) SSTA (shading, ÁC) on D(0)JF(1) Ni¶o-

3.4 index. Purple box indicates TNA region (10-25ÁN, 70-15ÁW). Dots and green contour region denote 

above 90% confidence level. 
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To quantitatively understand the processes that cause TNA SSTA growth, a mixed layer 

heat budget analysis is conducted according to (eq. 2-1, see Chapter 2.2). The time evolution of 

TNA area-averaged MLTA from Nov(0) to Aug(1) (Fig. 3-2a, pink line with plus sign) clearly 

shows the feature of reaching maximum during El Niño decaying MAM(1) (Fig. 3-2a, green 

shading) and the MLTA evolution is quite close to the SSTA evolution (Fig. 3-2a, blue line with 

triangle sign), giving us the confidence to further analyze the dynamic and thermodynamic 

processes that contribute to the SST tendency anomaly. It is obvious from the budget results that 

the maximum SSTA tendency (Fig. 3-2a, blue line with circle) occurs during El Niño mature 

D(0)JF(1) (Fig. 3-2a, yellow shading), and the D(0)JF(1) tendency anomalies are primarily 

contributed by thermodynamic processes (mainly LHF, orange line with rectangle in Fig. 3-2a), 

while the dynamic processes play a minor role.  
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Fig. 3π2 (a) Time evolution of the area-averaged MLTA budget (ÁC.month-1) over TNA region (10Á-25ÁN, 

70Á-15ÁW). Each value is regressed on D(0)JF(1) Ni¶o-3.4 index. Yellow shading denotes Dec(0)-

Jan(+1)-Feb(+1) and green shading denotes Mar(+1)-Apr(+1)-May(+1). (b) D(0)JF(1) LHF (ÁC.month-

1) and its linearized components over TNA region. Bar 1 denotes the value of LHF derived from OAFlux; 

bar 2 denotes LH calculated from (eq. 2-2); bar 3 represents the component ”ὅὒȿὟȿή ή  and 

bar 4 represents the ”ὅὒȿὟȿή ή . Each value is regressed on D(0)JF(1) Ni¶o-3.4 index. 

 

As LHF plays a major role in inducing the positive SSTA tendency during D(0)JF(1) over 

the TNA region, we further make linearization towards the bulk aerodynamic formula for LHF (eq. 

2-2) to figure out the relative contribution of anomalous wind speed change and air-sea specific 

humidity change in causing the LHF anomaly. Fig. 3-2b shows that the LHF calculated according 

to (eq. 2-2) (ὒὌ, bar 2) is quite comparable to the observed LHF derived from OAFlux (which is 

denoted as ὒὌπ, bar 1) and ὒὌ is mainly contributed by the component associated with the wind 

speed change (”ὅὒȿὟȿή ή , bar 4), while the term corresponding to the air-sea humidity 

change (”ὅὒȿὟȿή ή , bar 3) plays a minor role. Fig. 3-3 further shows the spatial pattern 

of the regressed D(0)JF(1) LHF and its linearized components onto D(0)JF(1) Niño-3.4 index. A 

broad region of positive LHF over the TNA region (Fig. 3-3a) denotes increased LHF into the 

ocean surface, which mainly contributes to the mixed layer temperature increase. And the spatial 

pattern of the linearized LHF component, which is related to the wind speed change 

(”ὅὒȿὟȿή ή , Fig. 3-3c) greatly resembles the observed LHF (Fig. 3-3a), while the air-

sea specific humidity change component (”ὅὒȿὟȿή ή , Fig. 3-3b) is quite small and 

shows little similarity as Fig. 3-3a. Notice from Fig. 3-3d that the positive LHF over the TNA 

region is accompanied by significant anomalous southwesterly wind, which tends to reduce the 

climatological mean northeasterly wind and increase the LHF into the ocean surface to cause the 

SSTA increase. This result further indicates that the LHF change over the TNA region is mainly 
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induced by wind anomaly change, that is, the ñtrade wind reduction mechanismò is more crucial 

than the ñtropospheric temperature mechanismò in inducing the LHF anomaly and hence the SSTA 

change over the TNA region. In the following sections, we will discuss the relative role of El Niño-

induced extratropical and tropical forcing playing in generating the trade wind reduction over the 

TNA region.  

 

 

Fig. 3-3 (a) Regression of D(0)JF(1) LHF(shading, W.m-2) derived from OAFlux on D(0)JF(1) Ni¶o-3.4 

index. (b) Same as (a) but shading denotes the linearized LH component: ”ὅὒȿὟȿή ή . (c) Same 

as (b) but for ”ὅὒȿὟȿή ή . (d) Regression of D(0)JF(1) 1000 hPa Wind Speed (shading, m.s-1) 

and winds (vectors, m.s-1) on D(0)JF(1) Ni¶o-3.4 index. Purple box indicates the TNA region (10-25ÁN, 

70-15ÁW). Dots and green contour regions and blue vectors represent above 90% confidence level. 

 

3.4 Relative contribution of extratropical and tropical forcing in inducing TNA trade wind 

anomaly 
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As for the cause of the reduced wind speed over the TNA region, two major hypotheses 

are involved. Fig. 3-4a-c shows the simultaneous regression map of D(0)JF(1) 

200hPa/500hPa/850hPa geopotential height and wind on Niño-3.4 index. A positive PNA pattern 

(a high-pressure anomaly in the vicinity of Hawai'i and over the mountainous region of western 

North America, and low-pressure anomaly south of Alaska and over the southeastern United States) 

is clearly shown in each level (key region of PNA pattern are denoted by red boxes and the 

definition of red box is given in 3.4.1) and exhibits quasi-barotropic structure (Fig. 3-4a-c, 

Simmons et al. 1983). In low level (Fig. 3-4c), the southwesterly anomalies along the significant 

low-pressure system over the southeastern United Stated associated with the PNA pattern tend to 

weaken the northeasterly trade winds to reduce the wind speed over the TNA region. Another 

possible contributor of the anomalous southwesterly is the anticyclonic Rossby wave response to 

the negative heating over the tropical Atlantic region according to Gill (1980), which can be seen 

clearly in Fig. 3-4d. During El Niño mature D(0)JF(1), the central Pacific positive heating can 

generate Kelvin wave propagating eastward, the anticyclonic shear associated with the easterly 

Kelvin wave tends to induce negative heating over the tropical Atlantic region and the Gill-like 

response to the Atlantic suppressed heating also tends to induce anticyclonic circulation hence the 

southwesterly anomalies over the TNA region. However, given these two mechanisms that would 

cause the reduced wind speed over the TNA region during D(0)JF(1), one would like to ask what 

is the relative contribution of them. In the following two sub-sections, we will quantitatively 

estimate the relative contribution of the extratropical and tropical pathway based on observational 

partial-regression analyses and numerical simulations. To estimate the relative contribution of the 

extratropical and tropical forcing, we assume that the TNA wind anomaly is contributed by 

extratropical and tropical forcing only: ὶ ὶ ρππϷ    ὩήȢσ ρ, ὶ  and ὶ  is 
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the contribution of extratropical forcing and tropical forcing, respectively. Then, if the 500hPa 

PNA index is reduced with a decrease rate Ŭ and the Atlantic suppressed rainfall is weakened with 

a decrease rate ɓ, accompanying by the decrease of TNA wind anomaly by ɔ, the equation can be 

formed as: ‌ ὶz ‍z ὶ ‎  ὩήȢσ ς. Solving equation 3-1 and 3-2, it is easy to get 

the relative contribution of extratropical forcing and tropical forcing as: 

ὶ ‍ ‎ ‍ ‌ϳ ὩήȢσ σ 

ὶ ‎ ‌ ‍ ‌ϳ  ὩήȢσ τ 
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Fig. 3-4 Regression of D(0)JF(1) (a) 200hPa, (b) 500hPa, (c) 850hPa geopotential height (shading, m) and winds 

(vectors, m.s-1) on D(0)JF(1) Ni¶o-3.4 index. (d) Regression of D(0)JF(1) precipitation (shading, mm.day-1) and 

850hPa winds (vectors, m.s-1) on D(0)JF(1) Ni¶o-3.4 index. Purple box indicates TNA region (10-25ÁN, 70-15ÁW). 

Red boxes indicate key region of PNA pattern (From Left: box1 (15ÁN-25ÁN,180-140ÁW); box2 (40ÁN-50ÁN,180-

140ÁW); box3 (45ÁN-60ÁN,120ÁW-105ÁW); box4 (25ÁN-35ÁN,90ÁW-70ÁW)). Magenta box denotes tropical 

Atlantic region (5ÁS-10ÁN,70ÁW-0Á). Dots and green contour regions and blue vectors represent above 90% 

confidence level. 

 

3.4.1 The observational partial regression analysis 

In order to investigate the relative contribution of these two mechanisms on the D(0)JF(1) 

wind anomaly change over the TNA region, partial regression analyses are conducted to remove 
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either the extratropical forcing or the tropical forcing. Firstly, the extratropical forcing (PNA index) 

is excluded for the partial regression analysis. The PNA index is defined as:  

ὖὔὃὤᶻ Ј Јȟ Ј ὤᶻ Ј Јȟ Ј ὤᶻ Ј Јȟ Ј Ј

ὤᶻ Ј Јȟ Ј Ј 

(Each box of PNA index follows the definition form: 

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/month_pna_index2.shtml), Z* 

denotes 500hPa geopotential height anomaly. As the PNA pattern exhibits quasi-barotropic 

structure with height and is more significant in middle-high level, 500hPa is selected as a reference 

height for the PNA index in this study. Fig. 3-5a shows the regression map of 500hPa D(0)JF(1) 

geopotential height onto D(0)JF(1) Niño-3.4 index with 500hPa PNA index removed. It is obvious 

that the 500hPa PNA pattern is greatly reduced compared with Fig. 3-4b. However, in the lower 

level (Fig. 3-5b), the significant southwesterly anomaly over the TNA region and suppressed 

rainfall over the tropical Atlantic region still present. To quantitatively measure the relative change 

of extratropical and tropical forcing and the related wind speed anomaly, the comparison of the 

area-averaged regression coefficient of 500hPa PNA index, 850hPa wind speed over TNA region, 

precipitation over tropical Atlantic region (5°S-10°N, 70°W-0) on Niño-3.4 index before and after 

removing the PNA index is shown in Table. 3-2. The 500hPa PNA index is dramatically reduced 

by 84% after performing partial regression, which means the extratropical forcing is greatly 

suppressed. As for the tropical Atlantic rainfall, its strength has weakened by only about 13% 

(Table. 3-2) after removing the PNA index, which is much smaller compared with the PNA index 

change. Given the great decrease of the extratropical forcing and the slight change of the tropical 

forcing, the low-level wind speed over the TNA region has reduced by 57% (Table. 3-2). Based 
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on that, according to the estimation of the relative contribution of extratropical and tropical forcing 

from (eq. 3-3) and (eq. 3-4), we can get: ὶ φςϷȠ ὶ σψϷȢ 

 

Fig. 3-5 (a) Partial regression of D(0)JF(1) 500hPa geopotential height (shading, m) and winds (vectors, 

m.s-1) on D(0)JF(1) Ni¶o-3.4 index by removing 500hPa PNA index. (b) Partial regression of D(0)JF(1) 

precipitation (shading, mm.day-1) and 850hPa winds (vectors, m.s-1) on D(0)JF(1) Ni¶o-3.4 index by 

removing 500hPa PNA index. (c)-(d) are the same as (a)-(b), except for removing the tropical Atlantic 

rainfall. Purple box indicates the TNA region (10-25ÁN, 70-15ÁW). Red boxes indicate key region of the 

PNA pattern (Same as Fig. 4). Magenta box denotes tropical Atlantic region (5ÁS-10ÁN,70ÁW-0Á). Dots 

and green contour regions and blue vectors represent above 90% confidence level.  

 

Table. 3-2 Comparison of area-averaged regression coefficients of D(0)JF(1) 500hPa PNA index, 

tropical Atlantic rainfall (5ÁS-10ÁN, 70ÁW-0) and TNA wind speed on D(0)JF(1) Ni¶o-3.4 index before 

and after removing PNA index. 
 

Regression Coefficient 500hPa PNA index 
Tropical Atlantic 

rainfall 
TNA wind speed 

Before removing PNA 59.47 -0.52 -0.30 

After removing PNA 9.46 -0.45 -0.13 

Decrease rate 84% 13% 57% 
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Secondly, the tropical forcing (tropical Atlantic rainfall index) is excluded in partial 

regression analysis as shown in Fig. 3-5c-d. When the Atlantic rainfall index is removed, the PNA 

pattern is reduced moderately (Fig. 3-5c), but the tropical Atlantic suppressed rainfall decreases 

greatly (Fig. 3-5d). Meanwhile, the southwesterly anomaly still presents over the TNA region to 

some extent but weakens significantly. Quantitative calculation of the change rate between the 

area-averaged regression coefficient of 500hPa PNA index, precipitation over tropical Atlantic 

region, and 850hPa wind speed over TNA region on Niño-3.4 index before and after removing the 

Atlantic rainfall index is shown in Table. 3-3. The tropical Atlantic rainfall is dramatically reduced 

by 96% after performing partial regression, which implies that the tropical forcing is greatly 

suppressed. As for the 500hPa PNA index, its intensity has weakened by about 61% (Table. 3-3) 

after removing the tropical forcing, indicating that the extratropical forcing also decreases when 

the tropical forcing is removed. The change of extratropical forcing, which is slightly different 

from the condition for removing the extratropical forcing, is because of the closer relationship 

between Niño-3.4 index and Atlantic rainfall index (correlation coefficient is 0.8). When removing 

the tropical Atlantic rainfall, the Niño-3.4-related heating over tropical central Pacific is also 

weakened (Fig. 3-5d), thus directly contributes to the weakening of the PNA pattern (Fig. 3-5c). 

However, the correlation coefficient between the Niño-3.4 index and the PNA index is relatively 

lower (0.6). Because of that, the central Pacific heating only weakens slightly (Fig. 3-5b) if the 

PNA index is removed but with little change of the tropical Atlantic rainfall. Applying (eq. 3-3) 

and (eq. 3-4) to the condition when removing the Atlantic rainfall index, the solution shows that 

ὶ φφϷȠ ὶ στϷ, which is in agreement with the result for removing the PNA index. 

Therefore, it is concluded from the partial regression analysis that the extratropical forcing 
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contributes around 62%-66% to the TNA wind anomaly while the tropical forcing contributes 

approximately 34%-38%. 

 

Table. 3-3 Comparison of area-averaged regression coefficients of D(0)JF(1) 500hPa PNA index, 

tropical Atlantic rainfall (5ÁS-10ÁN, 70ÁW-0) and TNA wind speed on D(0)JF(1) Ni¶o-3.4 index before 

and after removing Atlantic rainfall index. 
 

Regression Coefficient 500hPa PNA index 
Tropical Atlantic 

rainfall 
TNA wind speed 

Before removing Atla pr 59.47 -0.52 -0.30 

After removing Atla Pr 22.86 -0.02 -0.08 

Decrease rate 61% 96% 73% 

 

3.4.2 The AGCM simulation results 

In order to confirm the results of partial regression, we further adopt the atmospheric 

general circulation model ECHM4.6 to conduct numerical experiments. Fig. 3-6a shows the SST 

anomaly forcing added in the model, and Fig. 3-6b-f display the ensemble mean difference 

between NIÑO run and CTRL run. From Fig. 3-6d-f, it is obvious that the PNA pattern simulated 

by ECHAM4 in each level is quite similar to observation (Fig. 3-4a-c), and the PNA pattern also 

exhibits a quasi-barotropic structure. Given the reliable simulation of the PNA pattern, we further 

analyze the results of the NIÑO run. Significant anomalous southwesterly (Fig. 3-6b-c) and 

reduced wind speed (Fig. 3-6c) appear over the TNA region, which may be partly due to the low-

pressure system associated with the well-established PNA pattern in 850hPa (Fig. 3-6f, 

extratropical forcing) and the anomalous anticyclonic Rossby wave response to the suppressed 

rainfall over tropical Atlantic region (Fig. 3-6c, tropical forcing). In order to suppress the effect of 

extratropical/tropical forcing, sensitive experiments (NPNA/NATL run) are conducted.  
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Fig. 3π6 (a) DJF SSTA(ÁC) forcing in ECHAM4 model. (b) Difference of precipitation (shading, mm.day-

1) and 850hPa winds (vectors, m.s-1) between NI¤O run and CTRL run. (c) Difference of 850hPa wind 

speed (shading, m.s-1) and winds (vectors, m.s-1) between NI¤O run and CTRL run. (d)-(f) Difference of 

200hPa/500hPa/850hPa geopotential height (shading, m) and winds (vectors, m.s-1) between NI¤O run 

and CTRL run. Purple box indicates the TNA region (10-25ÁN, 70-15ÁW). Red boxes indicate the key 

region of the PNA pattern (Same as Fig. 3π4). Magenta box denotes tropical Atlantic region (5ÁS-

10ÁN,70ÁW-0Á). Dots and green contour regions and blue vectors represent above 90% confidence level. 

 

Fig. 3-7a shows the restore region (boundary smoothing is given) in the NPNA run, and 

Fig. 3-7b-c present the difference between NPNA run and NIÑO run. It is clear that 500hPa PNA 

pattern is greatly reduced (Fig. 3-7b) when the restore region in the mid-Pacific Ocean is added. 

In the lower level (Fig. 3-7c), the tropical Atlantic rainfall changes slightly and the anomalous 

southwesterly is weakened compared with the NIÑO run. Quantitative calculation (Table. 3-4) 

shows that the reduction rate of 500hPa PNA index after placing restore band is 88%, while the 

suppressed tropical Atlantic rainfall only reduces by 11%. Under the condition of the greatly 

suppressed PNA pattern and the slightly changed Atlantic negative rainfall, the wind speed over 
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the TNA region has reduced by about 56% (Table. 3-4), and the calculation from (eq. 3-3) and (eq. 

3-4) shows that ὶ υψϷȠ ὶ τςϷ. 

 

 

Fig. 3π7 (a) Restoring region in NPNA run (shading). (b) Difference of 850hPa geopotential height 

(shading, m) and winds (vectors, m.s-1) between NPNA run and NI¤O run. (c) Difference of precipitation 

(shading, mm.day-1) and 850hPa winds (vectors, m.s-1) between NPNA run and NI¤O run. Purple box 

indicates the TNA region (10-25ÁN, 70-15ÁW). Red boxes indicate key region of the PNA pattern (Same 

as Fig. 4). Magenta box denotes tropical Atlantic region (5ÁS-10ÁN,70ÁW-0Á). Dots and green contour 

regions and blue vectors represent above 90% confidence level. 

 

 

Table. 3-4 Comparison of 500hPa PNA index, tropical Atlantic rainfall (5ÁS-10ÁN, 70ÁW-0), TNA wind 

speed for NI¤O run and NPNA run. 
 

Experiments 500hPa PNA index 
Tropical Atlantic 

rainfall 
TNA wind speed 

NI¤O run 146.5 -0.47 -0.84 

NPNA run 18.16 -0.42 -0.37 

Decrease rate 88% 11% 56% 
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For the NATL run, in order to eliminate the effect of ENSO-related tropical Atlantic 

rainfall, an additional positive diabatic heating anomaly is added over the tropical Atlantic region 

(Fig. 3-8a). In the NIÑO run, El Niño heating over the central Pacific induces perturbations of 

Walker circulation, leading to the establishment of the negative rainfall anomaly over the tropical 

Atlantic region. However, when a positive diabatic heating rate anomaly is presented in the tropical 

Atlantic region, the effect of the ENSO-induced negative heating can be regarded to be largely 

canceled by the prescribed positive heating, therefore the tropical forcing is greatly suppressed. 

Fig. 3-8b shows the difference of precipitation/850hPa wind between NATL run and NIÑO run. 

It is shown that the positive rainfall anomaly associated with the northeasterly appears in the 

tropical Atlantic region, which means the anomalous southwesterly is weakening compared with 

NIÑO run. Quantitative calculation (Table. 3-5) indicates that 500hPa PNA index increases 8%, 

but the suppressed tropical Atlantic rainfall reduces by 112%. In this case, TNA wind speed has 

been reduced by 30%. The estimation from (eq. 3-3) and (eq. 3-4) shows that the relative 

contribution of the extratropical process and the tropical process is 68% and 32%, respectively. 

 

Table. 3π5 Comparison of 500hPa PNA index, tropical Atlantic rainfall (5ÁS-10ÁN, 70ÁW-0), TNA wind 

speed for NI¤O run and NATL run. 

 

Experiments 500hPa PNA index 

Tropical Atlantic 

rainfall 

TNA wind speed 

NI¤O run 146.5 -0.47 -0.84 

NATL run 158.5 0.06 -0.59 

Decrease rate -8%                  112%  30% 
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Fig. 3-8 (a) Horizontal pattern of the positive diabatic heating added in NATL run (shading). (b) Difference 

of precipitation (shading, mm.day-1) and 850hPa winds (vectors, m.s-1) between NATL run and NI¤O run. 

Purple box indicates the TNA region (10-25ÁN, 70-15ÁW). Magenta box denotes tropical Atlantic region 

(5ÁS-10ÁN,70ÁW-0Á). Dots and green contour regions and blue vectors represent above 90% confidence 

level. 

 

 

Therefore, from the partial regression analysis and numerical simulations above, the results 

indicate that the contribution of extratropical forcing on TNA wind anomaly is around 58%-68%, 

while the tropical forcing plays a role with 32%-42% contribution. A recent study (García-Serrano 

et al. 2017) argued that the importance of the ENSO-induced atmospheric forcing over the Amazon 

basin via the remote Gill-type response. However, from Fig. 3-4d, the suppressed rainfall in the 

tropical Atlantic Ocean mainly contains two parts, the Amazon basin part and the Atlantic ITCZ 

part. In order to figure out which part is more important in inducing the anomalous southwesterly 

over the TNA region, three sets of numerical experiments are conducted using LBM. The first one 

is forced by total Atlantic negative heating (ATLA run), the second one is forced by Atlantic ITCZ 

negative heating (ITCZ run), and the last one is forced by Amazon negative heating (AMAZ run). 
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The model responses are displayed in Fig. 3-9. For those three experiments, anomalous 

southwesterly occurs over the TNA region, which is associated with the anomalous anticyclonic 

Rossby gyre circulations response to the negative heating. Quantitative calculation of the 

anomalous wind speed relative to the climatological mean wind over the TNA region shows that 

the reduction of trade wind for the ITCZ run (-0.17m/s) takes up around 70% of the trade wind 

reduction of the ATLA run (-0.25m/s). Since Amazon heating is more westward and symmetric 

about the equator, the southwesterly response is confined relatively in lower latitude and plays a 

minor role in the reduction of the trade wind over the TNA region. Overall, the Atlantic ITCZ 

negative heating is more important in inducing the anomalous southwesterly which may further 

reduce the trade wind speed over TNA region. Since Atlantic ITCZ is slightly north of the equator, 

the tropical response is more pronounced in the tropical north Atlantic region, and with the 

additional effect of the midlatitude forcing in the northern hemisphere, the significant warming 

occurs only in the TNA region, not over tropical south Atlantic region. 

 

Fig. 3π9 (a) Total Atlantic heating rate (shading, K.day-1) and 700hPa wind (vectors, m.s-1) response in 

LBM. (b) Same as (a) but for Atlantic ITCZ heating. (c) Same as (b) but for Atlantic AMAZ heating. 

Purple box indicates the TNA region (10-25ÁN, 70-15ÁW). 

 

3.5 Discussion and Conclusion 

3.5.1 Discussion 
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The above results indicate that both partial regression analysis and numerical simulation 

indicate that the extratropical forcing contributes around 58%-68% to the TNA wind anomaly and 

the tropical forcing only plays a role with 32%-42% contribution. Additionally, a further 

examination by LBM suggests that suppressed Atlantic ITCZ heating is more dominant in 

generating the anomalous southwesterly over the TNA region rather than the negative Amazon 

heating. However, this chapter mainly focuses on investigating the influence of El Niño on TNA 

SSTA based on linear regression analysis, and the nonlinearity of the ENSO-TNA relationship has 

not been studied here. As we mentioned before, the atmospheric response to SSTA is sensitive to 

their magnitude and location, and the diversity of the ENSO events would directly cause the ENSO 

teleconnection to be nonlinear (Hoerling et al. 1997; Frauen et al. 2014; Timmermann et al. 2018). 

Some studies (Amaya and Foltz 2014; Taschetto et al. 2016) indicate that the longitudinal position 

of the El Niño-related warming plays an important role in influencing the ENSO-TNA 

teleconnection. For example, in contrast to the eastern Pacific El Niño, the central Pacific El Niño 

fails to generate significant warming over the TNA region, which is mainly due to the weaker and 

shifted El Niño-induced PNA pattern. Lee et al. (2008) pointed out that the decay rate of the Pacific 

SSTA can play an important role in inducing the springtime TNA SSTA. It is shown that the TNA 

warming tends to occur during El Niño decaying spring when the Pacific warming can persist 

through April. Moreover, Wu and He (2019) indicated that the amplitude of the Pacific forcing 

also play roles. They show that the TNA warming is larger and more persistent during slow than 

fast decaying El Niño events. Wu et al. (2020) further showed that the TNA cooling in response 

to La Niña also displays a notable difference between late and early decaying events but with 

weaker signals than El Niño events. Therefore, it is shown that the TNA SSTA in response to 

ENSO is not purely linear. Fig. 3-10a-b display the scatterplot between the wintertime Niño-3.4 
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index and the following springtime TNA index for 1979-2018 (Fig. 3-10a) and 1950-2018 (Fig. 

3-10b). It is shown that the MAM TNA index shows a linear increase as the DJF Niño-3.4 index 

increase to some degree (Fig. 3-10a-b), but there still exists a relatively large spread of TNA SSTA 

in response to the similar strength ENSO events. For example, in Fig. 3-10b, for some moderate 

ENSO events (the normalized Niño-3.4 index is between 1~2 standard deviation), the springtime 

TNA SSTA response could range from -0.8 to 2 standard deviation. Moreover, it is noted that the 

TNA SSTA response to some extreme ENSO events (the normalized Niño-3.4 index is above 2 

standard deviation) could also be smaller than to the moderate ENSO events.  

 

Fig. 3-10 Scatterplot of wintertime (DJF) Ni¶o-3.4 index and the following springtime (MAM) TNA index 

during (a) 1979-2018, (b) 1950-2018. Blue dots indicate La Ni¶a events, red dots indicate El Ni¶o events 

and gray dots denote neutral events. 

 

 Regarding the ENSO-TNA nonlinear relationship, the nonlinearity of the ENSO-induced 

extratropical pathway and tropical pathway that we have discussed before is largely unknown. Fig. 

3-11 show the scatterplot of the DJF Niño-3.4 index with the PNA index (Fig. 3-11a), tropical 

Atlantic rainfall index (Fig. 3-11b), Aleutian Low index (Second center of PNA pattern, Fig. 3-

11c) and the Florida Low index (Fourth center of the PNA pattern, Fig. 3-11d). It is shown that 
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the relationship between the ENSO and the tropical Atlantic rainfall index (Fig. 3-11b) is more 

linear than the PNA index (Fig. 3-11a), which may suggest that the ENSO-induced extratropical 

pathway may play a more important role in determining the ENSO-TNA nonlinear relationship. 

Further investigation suggests that the second center of the PNA pattern (the Aleutian Low, Fig. 

3-11c) is more linear to the strength of ENSO than the fourth center (the Florida Low, Fig. 3-11d). 

The PNA-induced low pressure over the Florida region is more nonlinear with the ENSO because 

the North Atlantic Oscillation may randomly influence it. Our current research indicates that both 

the ENSO-induced extratropical pathway and tropical pathway can contribute to the TNA trade 

wind and SST anomalies and is with a larger contribution from the extratropical pathway. The 

preliminary discussion in this section also suggests that the extratropical pathway is more nonlinear 

than the tropical pathway, contributing to the ENSO-TNA nonlinear relationship to a greater extent. 

However, the ENSO-PNA and ENSO-TNA nonlinear relationship still need further investigation. 
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Fig. 3-11 Scatterplot of wintertime (DJF) Ni¶o-3.4 index and with the PNA index (Fig. 3-11a), tropical 

Atlantic rainfall index (5ÁS-10ÁN,70ÁW-0Á, Fig. 3-11b), Aleutian Low index [Second center (40ÁN-

50ÁN,180-140ÁW) of PNA pattern, Fig. 3-11c] and the Florida Low index [Fourth center (35ÁN,90ÁW-

70ÁW) of the PNA pattern, Fig. 3-11d]. Blue dots indicate La Ni¶a events, red dots indicate El Ni¶o 

events and gray dots denote neutral events. 

 

3.5.2 Conclusion 

In this chapter, the relative contribution of the ENSO-induced extratropical pathway and 

tropical pathway in inducing the TNA SSTA is investigated. First, the cause of the significant 

warm SSTA during El Niño decaying MAM(1) in the TNA region is examined. The quantitative 

mixed-layer heat budget over TNA region reveals that LHF anomaly is indeed the most dominant 

term to cause the positive SSTA tendency during D(0)JF(1) and the linearized decomposition of 

the LHF bulk formula further shows that the wind speed change component primarily contributes 

to the LHF anomaly and the air-sea specific humidity change component plays a minor role. This 

result indicates that the ñtrade wind reduction mechanismò is more crucial in generating the LHF 

anomaly than the ñtropospheric temperature mechanismò.  

Given that the ñtrade wind reduction mechanismò is more important, we further adopt 

statistical method (partial regression analysis) and numerical approach (AGCM simulation) to 

examine the relative contribution of the forcing from extratropic (low pressure system over Florida 

region associated with El Niño-induced PNA pattern) and tropic (remote anticyclonic Gill 

response to the suppressed tropical Atlantic rainfall) in generating the anomalous southwesterly. 

After removing the PNA index in partial regression, the 500hPa PNA index is dramatically reduced 

(84%), but the regression coefficient of Atlantic rainfall in (5°S-10°N, 70°W-0) has weakened by 

only about 13%, which means that the extratropical forcing is greatly suppressed while the tropical 

forcing only changes slightly. Meanwhile, the regression coefficient of wind speed over the TNA 
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region has reduced by 57%, further estimation of the relative contribution of extratropical and 

tropical forcing is 62% and 38%, respectively. In addition, the tropical Atlantic rainfall index is 

also attempted to be removed in partial regression analysis. In this case, the regression coefficient 

of Atlantic rainfall in (5°S-10°N, 70°W-0) has weakened by only about 96%, and the 500hPa PNA 

index is moderately reduced (61%). Meanwhile, the regression coefficient of wind speed over the 

TNA region has reduced by 73%, and the estimation from (eq. 6) and (eq. 7) suggests that the 

extratropical and tropical forcing provides 66% and 34% contribution, respectively. 

Besides the partial regression, we adopt ECHAM4 to conduct two numerical experiments 

to examine the relative contribution of extratropical teleconnection and tropical forcing on TNA 

wind anomaly. For the first experiment, we attempt to damp the extratropical forcing by giving a 

restore region in the mid-Pacific region to prevent the propagation of the Rossby wave train. In 

this case, the simulated PNA is greatly reduced (88%) while the suppressed tropical Atlantic 

rainfall (5°S-10°N, 70°W-0) only reduces by 11%, and the wind speed over the TNA region has 

reduced by about 56%. From this simulation, it is found that the contribution is about 58% for 

extratropical forcing and 42% for tropical forcing. In the second experiment, tropical forcing is 

removed by adding positive diabatic heating over the tropical Atlantic region. In this simulation, 

the PNA index is slightly increased (8%) while the suppressed tropical Atlantic rainfall (5°S-10°N, 

70°W-0) reduces by 112%, and the wind speed over the TNA region has reduced by about 30%. 

It is found that the relative contribution of extratropical and tropical forcing is about 68% and 32%.  

In summary, both partial regression analysis and numerical simulation indicate that the 

extratropical forcing contributes around 58%-68% to the TNA wind anomaly and the tropical 

forcing only plays a role with 32%-42% contribution. Additionally, a further examination by LBM 
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suggests that suppressed Atlantic ITCZ heating is more dominant in generating the anomalous 

southwesterly over the TNA region rather than the negative Amazon heating. 

The schematic diagram for how ENSO influences TNA wind anomaly is shown in Fig. 3-

12. When an El Niño occurs, the maximum convection center shifts from Maritime Continent to 

central equatorial Pacific, and the tropical convection excites a poleward-propagation Rossby 

wave train (PNA pattern) into midlatitude (Hoskins and Karoly 1981; Trenberth et al. 1998). The 

anomalous low-pressure center located over the southeast United States associated with the PNA 

pattern (Wallace and Gutzler 1981) is one route responsible for the anomalous southwesterly. 

During El Niño mature D(0)JF(1), the reversed Walker circulation leads to negative rainfall 

anomaly over Maritime Continent and Atlantic region, the Gill-like response to the Atlantic 

suppressed heating also tends to induce anticyclonic circulation hence the southwesterly anomalies 

over the TNA region, which serves as another route. The southwesterly wind anomalies resulted 

from the extratropical and tropical routes tend to weaken the northeasterly trade wind, reduce the 

evaporation and induce SSTA warming over the TNA region.  
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Fig. 3-12 Schematic diagram for how ENSO influences TNA. Red shading denotes central-eastern 

Pacific SSTA warming; Green curve in central Pacific denotes the El Ni¶o-induced tropical convection; 

Blue circles represent El Ni¶o-induced Rossby wave train (PNA pattern, ñHò means high pressure; ñLò 

means low pressure); Yellow shading denotes the suppressed Atlantic ITCZ rainfall; Orange circle 

denotes the anticyclonic circulation induced by Atlantic ITCZ negative heating (ñAò means anticyclonic 

circulation); Gray vectors represent the climatological mean northeasterly wind; Purple box indicates 

TNA region (10-25ÁN, 70-15ÁW). 

 

Our current research indicates that both the ENSO-induced extratropical pathway and 

tropical pathway can contribute to the TNA trade wind and SST anomalies and is with a larger 

contribution from the extratropical pathway. The preliminary results in the discussion section also 

suggest that the extratropical pathway is more nonlinear than the tropical pathway, which may 

contribute to the ENSO-TNA nonlinear relationship to a greater extent. A more detailed diagnosis 

towards TNA SSTA response to different types of ENSO and the asymmetries between El Niño 

and La Niña impacts still needs to be completed to understand the ENSO-TNA nonlinear 

relationship.  
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Chapter 4 The relationship between ENSO and equatorial 

Atlantic variability  

4.1 Introduction 

As we showed in the previous chapter, ENSO could exert significant impacts on the 

tropical North Atlantic SSTA through both the extratropical pathway and the tropical pathway. 

However, some previous studies have pointed out that the ENSOôs influence on the subsequent 

summertime equatorial Atlantic (EA) SSTA is not robust (Chang et al. 2006; Lubbecke and 

McPhaden 2012). Fig. 4-1 shows the lead-lag correlation of monthly varying Niño-3.4 index with 

respect to the June-July-August (JJA) EA index (or Atl3 index, 4°S-4°N, 20°W-0°) from preceding 

December to the following February. It is shown that the correlation between the preceding 

wintertime Niño-3.4 index and the summertime EA index is near zero, indicating that the El Niño 

events might be followed sometimes by a warm SSTA and sometimes by a cold SSTA in the 

equatorial Atlantic. For example, two of the strongest El Niño events (1982, 1997) are followed 

by the exactly opposite sign of equatorial Atlantic SSTA during El Niño decaying summer, given 

their Pacific SSTA amplitude and evolution are quite similar. This insignificant ENSO-EA 

relationship has been examined by some previous studies and is attributed to the existence of 

different competing mechanisms over the equatorial Atlantic. On the one hand, the El Niño-

induced easterly anomaly over the equatorial western Atlantic can generate a cooling tendency 

over the equatorial eastern Atlantic through inducing upwelling Kelvin waves propagating 

eastward. On the other hand, the El Niño induced tropospheric temperature warming (Chang et al. 

2006), anomalous southward warm subsurface temperature advection (Richter et al. 2013), and the 

reflection of the downwelling Rossby wave at the western boundary (Foltz and McPhaden 2010; 
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Lubbecke and McPhaden 2012) can act to offset the cooling effect, making the response of 

equatorial Atlantic SSTA to ENSO is unclear. Meanwhile, as the equatorial Atlantic SSTA usually 

peaks during summertime when ENSO events are still developing, the Pacific forcing would not 

be enough to influence the equatorial Atlantic SSTA. One recent study (Tokinaga et al. 2019) 

suggests that the multiyear ENSO events could be more efficient in affecting the equatorial 

Atlantic SSTA as the Pacific forcing is more persistent following their peak phase.  

 

Fig. 4-1 Lead-lag correlation of monthly varying Niño-3.4 index with respect to the June-July-August 

(JJA) EA index (or Atl3 index, 4°S-4°N, 20°W-0°) from preceding December to the following February. 

Red/Blue/Green line indicate the correlation is generated from different data source. 

 

In spite of the insignificant impact of ENSO on the subsequent summertime equatorial 

Atlantic SSTA, some studies have argued that the impact of the equatorial Atlantic variability on 

the subsequent wintertime ENSO is significant since the 1970s (Keenlyside and Latif 2007; Polo 

et al. 2008; Rodriguez et al. 2009; Ding et al. 2012). The lead-lag correlation (Fig. 4-1) clearly 

shows that the summertime EA index is significantly negative correlated with the Niño-3.4 index 

in the following winter, indicating that the equatorial Atlantic warming could act to promote or 

trigger La Niña event in the following winter. As the relationship between the JJA EA index and 

the Pacific ENSO index six months before (after) is insignificant (significant), one may argue that 
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the summertime equatorial Atlantic warming is not influenced by the Pacific but the La Niña 

condition six months later is mainly triggered by the JJA equatorial Atlantic warming. However, 

another interesting feature from Fig. 4-1 is that the simultaneous negative correlation between the 

EA index and the Niño-3.4 index during summertime (JJA) is significant, that is, the JJA equatorial 

Atlantic warming is usually accompanied by Pacific cooling simultaneously. This summertime 

simultaneous negative correlation cannot tell the causality, that is, whether the Pacific influences 

the Atlantic or the Atlantic impacts the Pacific. One may argue that the JJA equatorial Atlantic 

SSTA may exert a great impact on the Pacific cold SSTA during JJA and La Niña evolution 

afterward. On the other hand, one may argue that the tropical Pacific prior to JJA may set up a pre-

condition for the cold SSTA during JJA and the later development of La Niña. In this case, the EA 

SSTA might be a by-product of the Pacific forcing. 

However, the cause of this simultaneous negative correlation between the EA and Niño-

3.4 index is largely unknown. A better understanding of this issue could help us tell the causality 

between the ENSO and equatorial Atlantic variability and deepen our current knowledge of the 

two-way interaction between the Pacific and the equatorial Atlantic. Therefore, in this chapter, I 

would like to further investigate the relationship between the ENSO and equatorial Atlantic SSTA 

and reveal the cause of the simultaneous negative correlation between the EA index and Niño-3.4 

index during summertime. 

The remaining part of this chapter is organized as the following. Chapter 4.2 describes the 

model experiments design for this chapter. Chapter 4.3 shows the observational feature of the 

ENSO-EA relationship. Chapter 4.4 describes the cause of the simultaneous relationship between 

ENSO and EA index. Discussion and conclusion are given in Chapter 4.5. 
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4.2 Model experiments design 

To understand the relationship between the ENSO and EA SSTA, several sets of 

Atmospheric General Circulation Model (AGCM) experiments are designed. The AGCM used in 

this chapter is CAM version 4 (hereafter CAM4) and the detailed model description is presented 

in Chapter 2.3. Table. 4-2 lists the experiments we designed for Chapter 4.4. The first one is the 

control run (EXP_CTRL), in which the model is forced with the observed monthly climatology 

SST and integrated for 50 years. The second (third) experiment is referred to as EXP_LApre_PAC 

run (EXP_ELpre_PAC run). In this experiment, the composite SSTA pattern for ñLa Niña-

preconditioned groupò (ñEl Niño-preconditioned groupò) is added to the climatological SST over 

the tropical Pacific from March(0) to August(0). In the fourth experiment (EXP_ELpre_PAC_EA), 

with the same configuration as the EXP_ELpre_PAC over the Pacific, the composite SSTA pattern 

for ñEl Niño-preconditioned groupò is added over the tropical Atlantic from March(0) to May(0). 

In the fifth (sixth) experiment EXP_LApre_EA (EXP_ELpre_EA), the composite SSTA pattern 

for ñLa Niña-preconditioned groupò (ñEl Niño-preconditioned groupò) is added to the 

climatological SST over the tropical Atlantic from June(0) to August(0). Each sensitivity 

experiment contains 20 ensemble members with different initial conditions. 
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Table 4-2. List of numerical experiments conducted by CAM4 for Chapter 4.4. 

Experiments Description Integration 

EXP_ CTRL 
The model is forced with the observed monthly climatology SST 

everywhere. 
Integrating continuously for 50 years. 

EXP_LApre_PAC 

The composite SSTA pattern for ñLa Niña-preconditioned groupò is 

added to the climatological SST over the tropical Pacific. The 

configuration for the remaining regions is the same as the EXP_ 

CTRL. 

The SST anomaly pattern added for the sensitivity 

experiments are from March(0) to August(0) and 

each experiment is repeated 20 times with different 

initial conditions obtained from the EXP_ CTRL. 

EXP_ELpre_PAC 

The composite SSTA pattern for ñEl Niño-preconditioned groupò is 

added to the climatological SST over the tropical Pacific. The 

configuration for the remaining regions is the same as the 

EXP_CTRL. 

The SST anomaly pattern added for the sensitivity 

experiments are from March(0) to August(0) and 

each experiment is repeated 20 times with different 

initial conditions obtained from the EXP_ CTRL. 

EXP_ELpre_PAC_EA 

The composite SSTA pattern for ñEl Niño-preconditioned groupò is 

added to the climatological SST over the tropical Pacific and 

tropical Atlantic. The configuration for the remaining regions is the 

same as the EXP_ CTRL. 

The SST anomaly pattern added for the sensitivity 

experiments are from March(0) to May(0) and each 

experiment is repeated 20 times with different initial 

conditions obtained from the EXP_ CTRL. 

EXP_LApre_EA 

The composite SSTA pattern for ñLa Niña-preconditioned groupò is 

added to the climatological SST over the tropical Atlantic. The 

configuration for the remaining regions is the same as the EXP_ 

CTRL. 

The SST anomaly pattern added for the sensitivity 

experiments are from June(0) to August(0) and each 

experiment is repeated 20 times with different initial 

conditions obtained from the EXP_ CTRL. 

EXP_ELpre_EA 

The composite SSTA pattern for ñLa Niña-preconditioned groupò is 

added to the climatological SST over the tropical Atlantic. The 

configuration for the remaining regions is the same as the EXP_ 

CTRL. 

The SST anomaly pattern added for the sensitivity 

experiments are from June(0) to August(0) and each 

experiment is repeated 20 times with different initial 

conditions obtained from the EXP_ CTRL. 
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4.3 The observational feature of the ENSO-EA relationship 

Fig. 4-1 has roughly shown the lead-lag correlation coefficient between the ENSO and EA 

index, giving us some clues about the ENSO-EA relationship. In this section, the spatial patterns 

of the lead-lag regression map (Fig. 4-2a-e) are shown to reveal more detailed features of the 

ENSO-EA relationship. It is shown the Pacific SSTA signal six months before the peak phase of 

the EA SSTA (JJA, Fig. 4-2c) is negligible (Fig. 4-2a) while the SSTA signal six months after is 

significant cold condition (Fig. 4-2e), indicating the possible impact of the summertime EA SSTA 

on the formation of La Niña event in the following winter as suggested by previous studies. 

However, it is interesting to note that an out-of-phase relationship between the EA and Pacific 

SSTA exists in JJA(0) (Fig. 4-2c). To understand this simultaneous relationship, the scatterplot of 

JJA(0) EA index and JJA(0) Niño-3.4 index is firstly shown in Fig. 4-3. The blue/red/grey dots in 

Fig. 4-3a (Fig. 4-3b) represent La Niña/El Niño/Neutral events in preceding (subsequent) winter, 

and the light blue shading denotes JJA EA index is above/below ±0.75 standard deviation. It is 

shown that most of the equatorial Atlantic warming (cooling) events are accompanied by negative 

(positive) Niño-3.4 index during JJA, which forms a relatively good negative correlation. For ñEA 

warming groupò (1984, 1988, 1995, 1996, 1998, 1999, 2007, 2010, 2016, except for 1987 which 

is a positive EA warming event co-occurred with positive JJA Niño-3.4), it is interesting to find 

that the Pacific pre-condition includes both El Niño and La Niña events during preceding winter 

(Fig. 4-3a, Top-left quadrant) and these events are transitioned to La Niña events in the subsequent 

winter (Fig. 4-3b, Top-left quadrant). This raises a very interesting question about the asymmetric 

influence of El Niño and La Niña on the equatorial Atlantic. As both El Niño and La Niña can be 

accompanied by equatorial Atlantic warming in the subsequent summer, how does the Pacific 

forcing influence the equatorial Atlantic SSTA for these two groups? 
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Therefore, the interpretation of the insignificant relationship between the JJA EA index 

and the ENSO index in preceding wintertime needs to be cautious. The negligible SSTA signal 

over the Pacific during preceding winter (Fig. 4-2a) does not indicate that the summertime 

equatorial Atlantic SSTA is not influenced by the Pacific or is accompanied by a Pacific neutral 

condition six months before. It is shown that the equatorial Atlantic warming during JJA could be 

followed by either an El Niño or La Niña in the preceding winter and might be generated through 

different routes. This would directly result in the low correlation between the EA index and ENSO 

index six months before. Therefore, it is important to understand what causes the simultaneous 

negative relationship between the ENSO and EA index and how it relates to the preceding ENSO 

signal. This would help us tell the causality between the ENSO and equatorial Atlantic SSTA and 

understand the two-way interaction between them. In the following section, the cause of this 

simultaneous relationship will be investigated through observational analysis and numerical 

simulations. 
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Fig. 4-2 (a)-(e) Lead-lag regression map of SSTA and anomalous surface wind on JJA(0) EA index (4°S-

4°N, 20°W-0°, blue box) from preceding D(-1)JF(0) to subsequent D(-1)JF(0). Only the value above 

90% confidence level is plotted. 
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Fig. 4-3 (a) Scatterplots of JJA EA index and Niño-3.4 index during 1979-2019. The blue/red/grey dots 

represent La Niña/El Niño/Neutral events during preceding winter. (b) is the same as (a) except that the 

blue/red/grey dots represent La Niña/El Niño/Neutral events during subsequent winter. The light blue 

shading denotes JJA Atl3 index is above/below ±0.75 standard deviation. 

 

4.4 The cause of the simultaneous relationship between ENSO and EA index 

To reveal what causes this simultaneous relationship, the evolution features of the related 

atmospheric and oceanic variables are examined. The composite analysis of the SSTA/10-meter 

wind anomaly of the ñEA warming groupò is shown in Fig. 4-4. The left column (Fig. 4-4a-d) 

denotes the equatorial Atlantic warming events followed by La Ni¶a in preceding winter (ñLa 

Niña-preconditioned groupò:1984, 1996, 1999, 2008), and the right column (Fig. 4-4e-h) denotes 

the equatorial Atlantic warming events with El Ni¶o in preceding winter (ñEl Niño-preconditioned 

groupò:1988, 1995, 1998, 2010, 2016). It is shown that the Pacific cold SSTA and Atlantic warm 

SSTA have established a significant negative relationship during JJA(0) for both the ñLa Niña-

preconditioned groupò (Fig. 4-4d) and ñEl Niño-preconditioned groupò (Fig. 4-4h). However, a 

key question is what are the differences between the ñLa Niña-preconditioned groupò and ñEl 
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Niño-preconditioned groupò in forming the simultaneous negative relation for JJA EA and Niño-

3.4 index? 

 

Fig. 4-4 (a)-(d) Composite SSTA (shading, °C)/10m wind anomaly (vectors, m.s-1) for ñLa Niña-

preconditioned groupò. (e)-(h) are the same with (a)-(d) but for ñEl Niño-preconditioned groupò. White 

hatched area and black vectors denote above 90% confidence level. 

 

Many previous studies (Larkin and Harrison 2002; Kessler 2002; Ohba and Ueda 2009; 

Ohba et al. 2010; Okumura and Deser 2010; Chen et al. 2016) have pointed out that El Niño events 

often terminate rapidly after their peaks and transition into cold episodes quickly in the following 

winter, whereas La Niña events often undergo a longer period and persist into the following winter. 

Due to the different decay rate of El Ni¶o and La Ni¶a events, for ñLa Niña-preconditioned groupò, 

the cold Niño-3.4 SSTA decays slowly and remains negative in the following JJA(0) (Fig. 4-4d, 
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Fig. 4-5a), while for ñEl Niño-preconditioned groupò, the warm Ni¶o-3.4 SSTA is quickly 

transitioned from positive to negative in the following JJA (Fig. 4-4h, Fig. 4-5e). So, the El Niño 

and La Niña evolution asymmetry can be partly responsible for the negative Niño-3.4 SSTA during 

following JJA(0) for both ñEl Niño-preconditioned groupò and ñLa Niña-preconditioned groupò. 

However, how does the warm SSTA form over the equatorial Atlantic during summertime for both 

groups?  

 

Fig. 4-5 (a)-(d) Composite Niño-3.4 index (5°S-5°N, 170°-120°W), EA index (4°S-4°N, 20°W-0°), TNA 

index (5°-25°N, 90°-15°W), TSA index (25°-5°S, 30°W-0Á) for ñLa Niña-preconditioned groupò from 

December(-1) to February(1). (e)-(h) are the same with (a)-(d) but for ñEl Niño-preconditioned groupò. 

Shading denotes the spread of individual cases. 
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A striking feature is that the EA SSTA starts to develop in MAM(0) for the ñLa Niña-

preconditioned groupò (Fig. 4-4c-d, Fig. 4-5b), whereas it seems to develop earlier [in SON(-1)] 

for the ñEl Niño-preconditioned groupò (Fig. 4-4e-h, Fig.4-5f, h). This suggests an asymmetric El 

Niño and La Niña forcing scenario. Previous studies (Chang et al. 2006; Foltx and McPhaden 2010; 

Lubbecke and McPhaden 2012) have pointed out that ENSO may influence the equatorial eastern 

Atlantic (EEA) SST through Bjerknes feedback via inducing zonal wind anomaly over the 

equatorial western Atlantic (EWA) during ENSO decaying spring and early summer. This process 

can be seen very clearly from the ñLa Niña-preconditioned groupò. During La Niña decaying 

spring, the Pacific SSTA amplitude is still large due to the slow decay of the La Niña event. The 

cold SSTA during springtime might generate a significant easterly anomaly over the equatorial 

western Atlantic (Fig. 4-4c) to trigger Bjerknes feedback, leading to the growth of the EA warming 

during MAM and JJA (Fig. 4-4c-d). To further confirm whether the MAM and JJA Pacific cold 

SSTA forcing is sufficient in generating the zonal wind anomaly over the equatorial western 

Atlantic, AGCM experiments with prescribed cold SSTA over the Pacific from ñLa Niña-

preconditioned groupò are conducted using CAM4. Fig. 4-6a-b shows that the Pacific forcing 

during both the MAM and JJA are sufficient to induce significant westerly anomalies over the 

equatorial western Atlantic, which would further induce downwelling Kelvin wave propagating 

eastward to warm the SSTA. The EA warming events in ñLa Niña-preconditioned groupò can be 

regarded as the canonical events generated by the dynamic Bjerknes feedback that is forced 

remotely by the Pacific forcing.  
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Fig. 4-6 (a)-(b) Precipitation (dots, mm.day-1) and 925hPa winds (vectors, m.s-1) response to the Pacific 

SSTA forcing (shading, °C) from ñLa Niña-preconditioned groupò (EXP_LApre_PAC) during (a) MAM 

and (b) JJA. Only the area above 90% confidence level is plotted. 

 

Another interesting feature presented in the ñLa Niña-preconditioned groupò is that the 

tropical Atlantic show very weak SSTA precondition prior to MAM(0) (Fig. 4-4a-b, Fig. 4-5b-c), 

in this case, the interference of the Atlantic precondition will be small, which provides an ideal 

condition for the Pacific to influence the equatorial Atlantic SSTA directly. For instance, if there 

exists strong TNA cooling during MAM, on the one hand, it may enhance the equatorial Atlantic 

warming by generating westerly anomaly associated with southward cross-equatorial flow over 

the EWA. On the other hand, the cyclonic wind shear to the north of the equator induced by the 

southward cross-equatorial flow would induce upwelling Rossby wave propagating westward and 

reflect as the upwelling Kelvin wave propagating eastward to cool the EA SSTA (Foltz and 

McPhaden 2010; Lubbecke and McPhaden 2012). Moreover, the cold meridional advection from 

the north, as suggested by Richter et al. (2013), can also offset the initial warming generated by 

westerly anomaly over the EWA. This can be seen in the decaying phase of some persistent La 














































































































































































