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ABSTRACT OF THE DISSERTATION 

 
Impacts of the Eastern Pacific and Central Pacific El Niño on North American Winter 

Climate 
 

By 
 

Yuhao Zou 
 

Doctor of Philosophy in Earth System Science 
 

 University of California, Irvine, 2015 
 

Professor Jin-Yi Yu, Chair 
 
 
 

Recent studies have identified two distinct types of El Niño: the Eastern Pacific (EP) 

type and the Central Pacific (CP) type.  Due to their different sea surface temperature 

anomaly centers, these two El Niño types can produce different global impacts. This 

dissertation aims to identify their different impacts on North American climate by 

analyzing reanalysis data, conducting numerical experiments using an ensemble forced 

atmospheric general circulation model, and examining outputs from the Coupled Model 

Intercomparison Project Phase 5 (CMIP5). 

The El Niño impact on the US winter surface air temperature is found to rotate by 

90-degrees between the two types, with warmer-than-normal produced over the 

northeastern (northwestern) United States and colder-than-normal anomalies over the 

southwestern (southwestern) United States during the EP (CP) El Niño.  The different 

impacts result from the differing wavetrains each pattern excites in the extratropical 

atmosphere: the EP El Niño excites the negative phase of Tropical-North Hemisphere 

pattern, while the CP El Niño excites a Pacific North America pattern.  
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As for winter precipitation, both types of El Niño events cause drier than normal 

winter in the northern United States and wetter than normal winter in the southern United 

States. The CP El Niño increases the dry anomalies to the north and decreases the wet 

anomalies to the south caused by the EP El Niño over the United States, and, thus, has an 

enhanced drying effect over the continental United States. The southward displacement of 

the jet stream during the CP El Niño is responsible for the precipitation difference.  

Climate models are more capable of simulating the EP El Niño’s impacts than 

simulating the CP El Niño’s impacts on United States winter temperatures. This is because 

the CP El Niño induces regional heating anomalies whose atmospheric response is more 

difficult to simulate by atmospheric models. The basin-wide heating response to the 

anomalies induced by the EP El Niño is easier to capture. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

The overarching scientific questions I hope to address in this dissertation are: (1) 

How do the two types of El Niño affect teleconnection patterns in the Northern and 

Southern Hemispheres?  And, (2) how does the two types of El Niño impact the mid-

latitude climate differently? Specifically, I focus on investigating the impacts of the two 

types of El Niño on United States winter air temperatures and precipitation levels. My goal 

is to understand the El Niño-induced low-mid latitude interactions during the two types of 

El Niño. Here, I identify the physical processes in the atmosphere and oceans that enable 

the El Niño forcing to reach high latitudes. 

This chapter provides some background knowledge on El Niño and its diversity, and 

the atmospheric teleconnetions over the Pacific Ocean in the Northern and Southern 

Hemispheres. In the end of this chapter, the research question is raised. 

 

1.2 El Niño and the Southern Oscillation 

El Niño is a quasi-periodical climate variation phenomenon that occurs every two to 

seven years. It is defined as anomalous warming of sea surface temperatures (SST) in the 

tropical eastern-central Pacific Ocean. Each El Niño event persists between nine months 

and two years. This interval includes the development, peak and decay of the event. The 

peak period often occurs in the boreal winter (Cane 1983). La Niña is the opposite phase of 
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the El Niño phenomenon. During a La Niña event, cooling of SSTs are observed in the 

tropical eastern-to-central Pacific.  

The historical record of warming in the tropical Eastern Pacific Ocean extends to the 

early 18th century (Quinn et al. 1978). The El Niño countercurrent was first reported by 

Lartigue in 1822. However, little attention was paid to El Niño until the Sixth International 

Geographical Congress in the late 19th century. The Southern Oscillation is a fluctuation of 

sea level pressure (SLP) between the tropical eastern and the western Pacific first 

discovered by Gilbert Walker in 1904. In 1904, Gilbert Walker published his studies of the 

Southern Oscillation. He then added observational records from all over the world that 

correlate with the Southern Oscillation within 30 years after that (Walker 1924; Walker 

and Bliss 1932). The connection between El Niño and the Southern Oscillation was not 

recognized until Jacob Bjerknes published his paper in 1966. El Niño and the Southern 

Oscillation have since been considered as the two faces of the same phenomena, which is 

now referred to as El Niño-Southern Oscillation (ENSO). ENSO has been regarded as the 

most energetic, most dramatic and best-defined pattern in Earth’s climate system (Cane 

2005). Despite its recent recognition, ENSO has existed and influenced the global climate 

for a long time (Cane 1986). 

The generation mechanism for the El Niño phenomenon was first explained by Jacob 

Bjerknes (1969) via a coupled atmosphere-ocean feedback mechanism. During a neutral 

(i.e., non-El Niño or non-La Nina) year, easterly trade winds prevail in the tropics of both 

hemispheres driving oceanic upwelling in the eastern Pacific and a shallowing of the 

thermocline, exposing cold water to the surface ocean. These dynamical features cool the  

eastern Pacific between 4°C and 10°C relative to the western Pacific. This east-west 
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temperature contrast in the ocean leads to a surface air pressure gradient in the equatorial 

Pacific with a high pressure in the east and a low pressure in the west, which further 

strengthens the prevailing easterlies. The positive feedback between SST and pressure 

centers was referred to as a “chain reaction” by Bjerknes (1969). During El Niño years, an 

initial SST warming in the eastern equatorial Pacific reduces the temperature contrast 

between the western and eastern Pacific, and thus decreases the zonal pressure gradient. 

Consequently, the easterly trade wind weakens or collapses, which results in less ocean 

upwelling, a deepening of the thermocline and a reduction of cold water transported to the 

surface. This process warms the eastern Pacific, forming another positive feedback. 

Previous studies have investigated the reasons behind the oscillation of ENSO 

between the positive (El Niño) and the negative (La Niña) phases. Successful phase-

transition mechanisms must not only provide a negative feedback to stop the “chain 

reaction”, but also account for the long period associated with the cycle. The most widely 

accepted explanation is the delayed-oscillator theory (Suarez and Schopf 1988; Battisti and 

Hirst 1989) which emphasizes the impact of the propagation and reflection of ocean waves 

on the variation of the thermocline. A second popular explanation underlines the recharge-

discharge of the equatorial ocean heat content (Wyrtki 1975, 1985; Cane et al. 1986; Zebiak 

1989; Jin 1997). Other theories include western Pacific Oscillator theory that emphasizes 

ocean-atmosphere interactions in the western Pacific (Weisberg and Wang 1997; Wang et 

al. 1999), slow SST-fast wave theory (Neelin 1991; Neelin and Jin 1993; Jin and Neelin 

1993a,b) and the advective-reflective oscillator theory (Picaut et al. 1997). In a review of 

these different mechanisms, Cane (2005) argued that they were different descriptions of 
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the same essential physics. Another view is the so-called unified oscillator that emphasizes 

a combination of the effects mentioned above (Wang 2001).  

El Niño has been shown to have profound impacts on global climate, biology and 

economics. During an El Niño event, the convection following the warm SST moves 

precipitation to the eastern Pacific and causes an increase of precipitation in the central-

eastern Pacific and a decrease in the western Pacific. Fish kills occur in the eastern Pacific, 

off the Peruvian coast, due to the reduction of upwelling nutrients. This results in large 

losses to the regional fishing industry. Warm and very wet weather occurs along the coasts 

of northern Peru and Ecuador in April through October of the El Niño year (Cane 1983). 

Conversely, dry and hot weather occurs in parts of the Amazon River Basin, Colombia, and 

Central America (e.g., Williamson et al. 2000). By shifting the position of the subtropical 

high and altering vertical wind shear, El Niño potentially reduces tropical cyclone activity 

in the western Pacific and tropical Atlantic and increases tropical cyclone activity in the 

eastern Pacific (e.g., Chan 1985). 

The global impacts of El Niño on air temperature and precipitation are most 

noticeable in boreal winter (Figure 1.1).  During the boreal winter, there are warm 

temperature anomalies in Canada and eastern Asia, dry anomalies in southeast Asia and 

northern Australia and wet anomalies in eastern Africa. The El Niño is often associated 

with a colder, drier winter in Northern Europe and a milder, wetter winter in Southern 

Europe (Ineson and Scaife 2009). In the boreal summer, monsoon regions experience dry 

conditions (Ropelewski and Halpert 1987).  

 

1.3 The Two Types of El Niño 
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As early studies do not associate different climate responses to longitudinal 

differences in warming in the tropical central-eastern Pacific, they consider El Niño to be a 

single climate phenomena. In the past decade, there has been increasing recognition of a 

diversity of El Niño as distinguished by the longitudes of SST warming in the tropical 

Pacific (Figure 1.2; e.g., Wang and Weisberg 2000; Trenberth and Stepaniak 2001; Larkin 

and Harrison 2005a,b; Yu and Kao 2007; Ashok et al. 2007; Kao and Yu 2009; Kug et al. 

2009). The conventional type of El Niño involves the SST warming in the eastern Pacific 

Figure 1.1: The impacts of El Niño on global weather. The upper panel is the for the Northern 

Hemisphere winter; the lower panel is for the Northern Hemisphere summer (NOAA/PMEL). 
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near the South American coast, and is thus called the Eastern-Pacific (EP) El Niño (Yu and 

Kao 2007; Kao and Yu 2009). Another type of El Niño involves SST warming in the central 

Pacific near the international dateline, and is thus referred to as the Central-Pacific (CP) El 

Niño (Yu and Kao 2007; Kao and Yu 2009), El Niño "Modoki" (Modoki means "similar, but 

different" in Japanese) (Ashok et al. 2007; Marra 2002; Weng et al. 2007; Ashok and 

Yamagata 2009), "dateline" El Niño (Larkin and Harrison 2005a), warm pool El Niño (Kug 

et al. 2009), or Non-Canonical El Niño (Guan and Nigam 2008). This second El Niño will be 

referred to as the CP El Niño in this dissertation.  

The SST variation associated with the CP El Niño is dominated by a biennial 

periodicity, while the EP El Niño is dominated by a 4-5-year periodicity coupled with the 

(b) CP 

(a) EP 

Figure 1.2 SST anomaly patterns obtained from a combined EOF-regression analysis of using 

the method from Kao and Yu (2009) for (a) the Eastern-Pacific type of El Niño and (b) the 

Central-Pacific type of El Niño. Contour intervals are 0.4.  
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Southern Oscillation (Yu et al. 2010). Regarding decadal variability, the CP El Niño is also 

suggested to have dynamical link with the North Pacific Gyre Oscillation (NPGO) that is 

associated with decadal-scale variations in the ocean gyres circulation (Di Lorenzo et al. 

2010); while the EP El Niño, together with stochastic atmospheric forcing, is suggested to 

be able to produce the Pacific decadal oscillation (PDO; Newman et al. 2003). 

Although the traditional EP El Niño used to be recognized as the dominating pattern, 

the CP El Niño has occurred more frequently with stronger intensity in the recent few 

decades (Ashok et al. 2007; Kao and Yu 2009; Yeh et al. 2009; Lee and McPhaden 2010), 

indicating that the CP El Niño might exceed the EP El Niño and become the prevailing type. 

According to Yu et al. (2012), there were four EP El Niño events and 2 CP El Niño events 

during the two decades prior to 1990. In the two decades following 1990, however, there 

were only two EP El Niño events and five CP El Niño events (see Table 1.1). These studies 

indicate that the CP El Niño is indeed an emerging mode of tropical climate variability.   

The two types of El Niño are suggested to have different generation mechanisms 

(e.g., Yu and Kim 2010). As described above, the EP El Niño has a generation mechanism 

that involves thermocline variations along the equatorial Pacific. According to Bjerknes’ 

theory, the EP El Niño is mainly caused by the coupling between the tropical ocean and 

atmosphere. The generation mechanism of the CP El Niño, in contrast, is yet not fully 

understood (Yu and Kim 2010). Ashok et al. (2007), Kug et al. (2009), Kao and Yu (2009) 

and Yu et al. (2009, 2010) have all proposed different generation mechanisms for the CP El 

Niño. While Ashok et al. (2007) still hypothesize that the CP El Niño is driven by 

thermocline variations in the equatorial Pacific, Kug et al. (2009) emphasize the key role of 

zonal advection in the ocean. Kao and Yu (2009) examined the subsurface ocean 
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temperature variations and concluded that the CP El Niño involves only local air-sea 

interactions, which are different from the basin-wide atmosphere-ocean coupling during 

the EP El Niño. Through numerical experiments, Yu et al. (2009, 2010) found agreement 

that ocean advection, rather than the thermocline variation, is important to the generation 

El Nino Years Type

1 1972-73 EP
2 1976-77 EP
3 1977-78 CP
4 1982-83 EP
5 1986-87 EP
6 1987-88 CP
7 1991-92 CP
8 1994-95 CP
9 1997-98 EP
10 2002-03 CP
11 2004-05 CP
12 2006-07 EP
13 2009-10 CP

 Table 1.1: The types of El Niño events from 1971 to 2010 (based on Yu et al. 2012). 
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of CP El Niño. However, forcing outside the tropical Pacific is also required to trigger the 

initial SST warming in the tropical central Pacific during CP El Niño events.  They suggested 

two possible sources of these forcing: (1) the surface wind forcing associated with the 

Asian and Australian monsoon (Yu et al. 2009) and (2) the forcing from the extratropical 

atmosphere (Yu et al. 2010). A very recent report (Yu and Paek 2014) summarized recent 

advancements in the explanation of the CP El Niño’s generation mechanism. They note the 

importance of an extratropical precursor in triggering CP El Niño events. According to Yu 

and Paek (2014), the negative phase of North Pacific Oscillation (NPO; Walker and Bliss 

1932; Loon and Rogers 1981) in winter is characterized by negative SLP anomalies over a 

large region in the subtropics and positive anomalies at higher latitudes. Associated with 

this SLP anomaly pattern, mid-latitude westerlies are weakened over the central Pacific, 

and produce less surface heat fluxes in the northeastern Pacific. The reduced surface 

evaporation results in an initial warming of SST to the west of Baja California. The warm 

SST anomalies give rise to a convection that modifies the surface wind by producing 

southwesterly wind anomalies in the southwest corner of the initial SST warming area. 

Since the wind anomalies are from the direction opposite (southwest) to the background 

trade wind (northeast), the total wind speed decreases and the evaporation is, thus, 

reduced. Less evaporation prevents the ocean from losing more heat and, as a result, gives 

rise to a new SST warming southwest to the initial SST warming near Baja California. 

Through this positive wind-evaporation-SST (WES, Xie and Philander 1994) feedback 

mechanism, warm SST anomalies continue moving southwestward from Baja California 

and ultimately reach the equatorial central Pacific. The aforementioned mechanism, which 

links the atmospheric variability in the extratropical regions in one winter to SST 
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variability in the tropical Pacific in the following winter, is referred to as the Seasonal 

Footprinting Mechanism (SFM; Vimont et al. 2001, 2003).  The SST anomaly pattern that 

depicts the warm anomaly extending from Baja California to the equatorial central Pacific is 

referred to as the Pacific Meridional Mode (PMM; Chiang and Vimont 2004). PMM is the 

leading coupled variability mode of the subtropical Pacific. The PMM can lead to the onset 

of either a EP El Niño event, through an eastward-propagating downwelling Kelvin wave 

which pulls the thermocline downwards (Alexander et al. 2010), or a CP El Niño event, 

through the zonal advection over the mixed layer (Kug et al. 2009).  However, as explained 

by Yu and Paek (2014), the PMM is particularly important in exciting CP El Niño events. 

Therefore, extratropical (or subtropical) forcing is considered particularly important to the 

generation of the CP El Niño (Yu and Paek 2014). 

 Two indices are traditionally used to quantify ENSO variability: (1) the NIÑO3 

index, which is based on SST anomalies averaged in the eastern equatorial Pacific (90°W–

150°W, 5°S–5°N), and (2) SOI, which refers to a normalized SLP difference between 

Darwin, Australia and Tahiti. These two indices quantify the same phenomenon and 

produce very similar time series. A third index, CTI, utilizes the sea-saw relationship of the 

SST anomalies between the western and the eastern Pacific (Deser and Wallace 1990). The 

CTI is uses SST anomalies averaged over the cold tongue region (180°W-90°W, 6°N-6°S). 

Since the recognition of the two types of El Niño, NIÑO1+2 (80°W-90°W, 0°-10°S) and 

NIÑO3 indices have been used to measure the EP ENSO, and the NIÑO4 (150°W-160°E, 

5°N-5°S) index has been used to measure the CP ENSO. Another index, NIÑO3.4 quantifies 

general ENSO events, including the two types of El Niño. Apart from those classical indices, 
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EP and CP indices (Kao and Yu 2009) and the ENSO Modoki Index (Ashok et al. 2007) are 

also widely used. 

It has also been noticed that the climate impacts of the CP El Niño can be very 

different from the impacts produced by the traditional EP El Niño. For instance, while the 

conventional EP El Niño is known to reduce the frequency of Atlantic hurricanes, this 

frequency was found to increase during several recent CP El Niño events (Kim et al. 2009). 

The cyclone frequency in the South China Sea also increased during the CP El Niño years 

but decreased during the EP El Niño years (Chen 2011). More importantly, the CP El Niño 

may result from interactions between the tropical Pacific and local Hadley circulation, in 

contrast to the basin-wide interactions between the tropical Pacific Ocean and the Walker 

circulation that are integral to the development of the EP El Niño (Kao and Yu 2009). The 

strong connection with the Hadley circulation implies that the CP El Niño might be more 

capable of producing stronger impacts on higher-latitude (i.e., mid- and high- latitudes) 

climates. This is consistent with the finding by Lee et al. (2010), who analyzed NASA 

remote sensor data and suggested that the record warming observed in the South Central 

Pacific near Antarctica during 2009 was fueled by a strong CP El Niño. Anomalous warming 

in West Antarctica was also observed during CP El Niño events (Ding et al. 2011). 

 

1.4 Teleconnection Patterns in the Pacific-North American and Pacific-South 

American Sectors 

Teleconnection patterns describe the atmospheric interactions between low-, mid- 

and high-latitudes. By examining the leading modes of variability of 500 mb Geopotential 

Heights (GPHs), Wallace and Gutzler (1981) described four major teleconnection patterns 
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in the northern hemisphere winter: (1) the North Atlantic Oscillation (NAO), (2) the NPO, 

(3) the zonally symmetric seesaw of GPH between polar and temperate latitudes and (4) 

the Pacific/ North American (PNA) pattern. According to Wallace and Gutzler (1981), both 

the PNA and NAO involve a seesaw in their pattern between the depths of the Aleutian and 

Icelandic lows, respectively, and together exert an influence on winter temperatures across 

the United States. Zou et al. (2014) summarized the major characteristics of two wave 

patterns in the 500 mb GPH anomalies regression maps, one of which is the PNA pattern. 

The PNA pattern (Figure 1.3a) has four major centers of action: (1) a positive anomaly 

center in the tropical central Pacific near Hawaii, (2) a deepened Aleutian low that is 

 

 

(b) TNH 

(a) PNA 

Figure 1.3 The 500mb GPH anomalies associated with (a) the PNA pattern and (b) the TNH 

pattern, obtained by the regressing the anomalies on the PNA and TNH indices. Values shown 

are in units of meters per standard deviation. 
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displaced southwards over the North Pacific, (3) a positive anomaly center over the 

northwestern North America, and (4) a negative anomaly center over the southeast United 

States. 

Mo (1985) examined a tropical Northern Hemisphere teleconnection pattern related 

to 500 mb GPH in the Northern Hemisphere.  Mo (1985) and Barnston and Livezey (1987) 

together identified this pattern as different from the PNA pattern, naming it the Tropical/ 

Northern Hemisphere (TNH) pattern. The TNH pattern (Figure 1.3b) also has four centers: 

(1) a center of positive GPH anomalies along the Pacific coast of North America, (2) a center 

of positive anomalies extending from the Caribbean Sea to the North Atlantic Ocean, (3) a 

center of negative anomalies in east-central Canada, and (4) a center of weak negative 

anomalies in the tropical central Pacific.   

Barnston and Livezey (1987) used rotated empirical orthogonal function (EOF) 

analysis of time-averaged 700 mb GPH and identified the PNA and the TNH as the second 

and fourth modes, respectively. Mo and Livezey (1986) further explored correlation 

statistics of PNA and the TNH with SSTs and found that both patterns are linked to tropical 

SST variations. The PNA and TNH together explain one third of the total variance in the 

Northern Hemisphere GPHs, but largely over the North American sector. Both the PNA and 

TNH are approximately equivalent barotropic. Mo and Livezey (1986) argued that the two 

patterns are associated with tropical variability in SSTs on different time scales. While the 

TNH is associated with inter-annual time scales, the PNA found in both inter-annual and 

inter-seasonal time scales (although the inter-seasonal signal is weak). Mo and Livezey 

(1986) also indicated that both patterns show up in both simultaneous and lagged maps 

during ENSO years, however, the TNH is weak in simultaneous charts in non-ENSO years. 
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In the Southern Hemisphere, the leading EOF mode of GPH is the Antarctic 

Oscillation pattern (Thompson and Wallace 2000), also known as the Southern Annular 

Mode (SAM). The SAM is a zonally symmetric pattern with a phase reversal of SLP or GPH 

between high- and mid-latitudes (Figure 1.4). A zonal wave 3 is evident in the SAM pattern 

with three centers of action located over in three southern oceans (Mo 2000).  The SAM is 

barotropic (Kidson 1988) and appears in both austral winter and summer.  

Figure 1.4 The 3 leading EOF modes of 500 mb GPH anomalies in the Southern Hemisphere: 

SAM (EOF1), PSA1 (EOF2), PSA2 (EOF3). Values shown are in units of meters. 
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A wavetrain pattern is often observed to originate in the troposphere of the South 

Pacific and extends poleward and eastward over the Pacific Ocean towards South America. 

This wavetrain pattern in the Southern Hemisphere has been identified as the counterpart 

of the PNA, and was named the Pacific-South American (PSA) pattern (Mo and Ghil 1987). 

PSA is described as a standing wave train of anomalies, extending south-eastward through 

the Bellingshausen and Amundsen seas, crossing the Antarctic Peninsula, and projecting 

into the southwest Atlantic Ocean (Mo and Higgins 1998). Ghil and Mo (1991) classified 

PSA patterns into PSA1 and PSA2 (Figure 1.4), which represent the second and third modes 

of the EOF of the Southern Hemisphere GPH, respectively. Mo and Paegle (2001) further 

clarified that the PSA used in many literatures is in actually the PSA1. PSA1 is associated 

with enhanced convection in the tropical-central Pacific (Karoly 1989). It is the major 

atmospheric response in the Southern Hemisphere to the ENSO. Since the convective 

anomalies are baroclinic in low latitudes, they change to positive height anomalies in the 

upper troposphere at low latitudes. This leads to a high-pressure anomaly at low latitudes 

over the date line that is consistent with the extension of the westerly jet from eastern 

Australia into the Pacific Ocean. The SST anomaly (SSTA) pattern associated with PSA1 

shows a warming center in the central-eastern Pacific. PSA2 shows warm SSTAs in the 

central Pacific and the Indian Ocean and cool SSTAs in the western Pacific (Mo 2000). PSA2 

responds to the quasi-biennial component of the ENSO signal, while the PSA1 responds 

primarily to the quasi-quadratic (i.e., approximately 48 months) component of the ENSO 

signals (Mo 2000). 

While the PNA impacts the Aleutian Low, the Asian jet and the Pacific storm track, 

the PSA modulates westerlies over the South Pacific (Renwick and Revell 1999). According 
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to the IPCC Fourth Assessment Report, as a counterpart of the PNA, the PSA in the Southern 

Hemisphere is weaker than the PNA pattern (Trenberth et al. 2007).  

 

1.5 Research Questions 

The dissertation is organized into three chapters to address the scientific questions 

posed above: (1) The impacts of the two types of El Niño on US winter temperatures 

(Chapter 2), (2) the impacts of the two types of El Niño on US winter precipitation (Chapter 

3) and (3) the performance of climate models in simulating the different impacts of the two 

types of El Niño on United States winter air temperatures (Chapter 4).  

Here, I utilize  reanalysis data, numerical experiments using a forced atmospheric 

general circulation model (AGCM), and long-term simulations produced from CMIP5 

models to comprehensively examine the impacts of the two types of El Niño on North 

American climate and the mechanisms that cause these impacts.  

The uncertainties in the current prediction of El Niño’s impacts on US climate may 

partly originate from the diversity of El Niño. Through the contrast of different impacts 

produced by the two types of El Niño, specific regions of the United States that are most 

vulnerable to the influence of each type of El Niño can be identified. This will have 

important socio-economic implications, and should improve prediction abilities of climate 

models and numerical weather prediction (NWP) models. In addition, a study of ENSO-

North America interactions will help in understanding of ENSO’s influences on mid-latitude 

climates, which are crucial for transmitting ENSO’s influences to higher latitudes.  
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CHAPTER 2 

The Changing Impact of El Niño on United States Winter Air 

Temperatures 

 

My aim in this chapter is to investigate whether the two types of El Niño produce 

different winter air temperature responses in the US and the mechanisms that cause the 

differences. In this chapter, I conduct statistical analyses with reconstructed/reanalysis 

data, a set of forced ensemble AGCM-based numerical experiments, and case studies with 

major El Niño events from 1950 to 2010. The results show that the impact on US winter 

temperatures is different for the two types of El Niño. While the conventional EP El Niño 

affects winter temperatures primarily over the Great Lakes, the northeastern and 

southwestern US, the largest impact from the CP El Niño is concentrated on temperatures 

over the northwestern and southeastern US. The recent shift to a greater frequency of 

occurrence of the CP type has, therefore, shifted the influence of El Niño to the 

northwestern and southeastern regions of the US. I show that the differing impacts result 

from differing atmospheric wavetrains in response to SST anomalies associated with the 

two types of El Niño. This chapter is rewritten from Yu et al. (2012b). 

 

2.1 Classical Understanding of the Impact of El Niño on Winter Air Temperatures 

The US winter climate is significantly influenced by El Niño events (e.g., Ropelewski 

and Halpert 1986, 1989; Kiladis and Diaz 1989; Livezey et al. 1997; Dettinger et al. 1998; 

Mo and Higgins 1998; Montroy et al. 1998; Cayan et al. 1999; and many others). El Niño’s 
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impact on US winter air temperatures is traditionally described as following a seesaw 

pattern as the northern US tends to be warmer than normal while the southern US tends to 

be colder than normal (Figure 2.1).   

Ropelewski and Halpert (1986) studied ENSO’s impact on North American 

precipitation and temperature by analyzing available surface station data during all ENSO 

events from 1875 to 1980. They suggested that North American temperatures respond to 

ENSO events through teleconnection patterns. Specifically, the teleconnections are 

dominated by the PNA pattern which arises from the low-latitude forcing of mid-latitude 

circulation and is suggested to occur more often during the ENSO years. Ropelewski and 

Halpert (1986) selected three regions as candidates for studying temperature: (1) 

Northwest North America (NNA), (2) Southeast United States (SUS) and (3) Eastern Canada 

(EC). The three regions are located in two of the four height centers of the PNA pattern. 

They found that temperatures in NNA and SUS regions are responsive to the ENSO signal, 

but that in the EC region they are not. Low latitude temperatures are more likely to be 

 

Figure 2.1 The traditional view of the US winter air temperature anomalies during El Niño 

(PMEL, NOAA). 
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sensitive to the exact configuration of the PNA centers, while the high latitude temperature 

are not. Ropelewski and Halpert (1986) also studied the negative phase of ENSO and 

concluded that the negative phase of ENSO causes the opposite impact on North American 

temperatures. 

The aforementioned classical view of El Niño’s impacts on the US climate was 

developed before the recognition of the different types of El Niño. The atmospheric 

response can be sensitive to the exact locations of tropical SSTAs (e.g., Mo and Higgins 

1998; Hoerling and Kumar 2003; Alexander et al. 2002; Barsugli and Sardeshmukh 2002; 

DeWeaver and Nigam 2004). The classical view of El Niño’s impacts on the US may, thus, be 

based on a combination of the impacts from the EP and the CP types of El Niño.  

. 

2.2 Recent Understandings of US Temperature Responses and Teleconnections 

During the Two Types of El Niño 

Since the recognition of the two types of El Niño, various studies (e.g. Larkin and 

Harrison 2005a; Mo 2010; Yu et al. 2012; Yu and Zou 2013; Zou et al. 2014) support the 

assertion that EP and CP El Niños have different impacts on the U.S. temperature. Larkin 

and Harrison (2005a) studied the U.S. autumn and winter seasonal temperature and 

precipitation responses to the “conventional” (i.e., EP) El Niño and the “dateline” (i.e., CP) El 

Niño, and concluded that the overall US temperature patterns produced by the two types of 

El Niño are different in amplitude, percentage of the U.S. covered and, often, in sign. They 

suggested colder southeast US during the CP El Niño winter than during the EP El Niño 

winter.  
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A later study by Mo (2010) examined the impacts of El Niño on winter air 

temperature and precipitation over the U.S. using observations and data from models 

participating in CMIP3. For the observations, she identified El Niño events using the Niño-

3.4 index and contrasted the impacts of the El Niño composite during the period 1915–

1960, when the EP type dominated, with those during the period 1962–2006 when the CP 

type became increasingly dominant. In her CMIP3 model analysis, Mo used twentieth-

century climate change model and distinguished the two types of El Niño events according 

to the relative values of the Niño-3 and the Niño-4 indices. According to Mo’s findings, 

during the EP El Niño winters, there are warm anomalies in the north of the US and cold 

anomalies in the south, forming a north-south contrast that is consistent with the classical 

view. During the CP El Niño winters, she found warm anomalies in the western US and cold 

anomalies in the eastern US, forming an east-west contrast that is different from the 

classical view. Mo attributed the temperature response differences between the two types 

of El Niño events to the westward motion of the convection center during the CP El Niño. 

By contrasting the stream function anomalies between the two types of El Niño events, Mo 

showed that the CP El Niño is associated more with the PNA pattern, and the EP El Niño is 

associated with a wavetrain that resembles the TNH pattern. She also suggested that the 

largest area of air temperature uncertainty during the CP El Niño, the extent of warming 

over the west region, may depend on the locations of anomalies of the PNA wavetrain. She 

also analyzed the decadal differences of the ENSO impact on winter and spring air 

temperatures over the US. She found that the composites for the recent period (1962–2006) 

showed weaker cooling over the south and weaker warming over the north compared to 

the early period (1915-1960). 
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However, the studies mentioned above used limited ENSO samples, and the two 

periods studied did not include entirely EP or CP El Niño events. Also, the composite 

method did not take into account the intensities of El Niño events. Moreover, the 

observations before 1950s are not as reliable as those that came afterwards. In this 

dissertation, I use a regression-EOF analysis to separate the impacts produced by the EP 

and CP El Niños (Kao and Yu 2009), taking into account the intensities of ENSO events. By 

completely removing the SST variations associated with other sectors in the Pacific Ocean, 

the EP and CP indices produced from the regression-EOF analysis could be more 

reasonable in separating the EP and CP types of ENSO than other indices, such as the Niño3 

and Niño4 indices used in (Mo 2010). I use more reliable data after 1948. To overcome the 

problem of short observation records, I also conduct a set of forced ensemble AGCM-based 

numerical experiments. The atmospheric wave responses are the keys to understanding 

how ENSO’s influences are transmitted from the tropics to high latitudes, as mentioned in 

the previous paragraphs. The two wavetrain patterns and their relationship to the two 

types of El Niño are examined in this chapter to explain the different impacts produced by 

the two types of El Niño on US winter air temperatures. Preindustrial experiments 

produced by 30 CMIP5 models are analyzed in Chapter 4 to further verify the different 

impacts and mechanisms revealed in this chapter on the US winter temperature. 

 

2.3 Data and Analysis Methods 

The SST data is from National Oceanic and Atmospheric Administration (NOAA)’s 

Extended Reconstructed Sea Surface Temperature (ERSST) V3b dataset (Smith and 

Reynolds 2003), with a 2° × 2° spatial resolution and a monthly temporal resolution, 
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available from January 1854. Air temperatures and GPHs data are from National Centers 

for Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) 

reanalysis (Kistler et al. 2001), with 2.5° × 2.5° resolution and 17 vertical levels, available 

from January 1948. Also used in this study, are surface air temperature anomaly data from 

the Climate Anomaly Monitoring System (CAMS) (Ropelewski et al. 1984) from NOAA’s 

Climate Prediction Center. The CAMS air temperature is at 2.5° × 2.5° resolution and 

available from 1950 onward. Monthly SST, surface air temperature, and 500 mb GPH 

anomalies are analyzed from 1950 to 2010. In this study, anomalies are defined as 

deviations from the 1971–2000 climatology.  The PNA index used in this study is available 

through NOAA’s Climate Prediction Center 

(http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/pna.shtml). 

In order to distinguish signals of the CP and EP ENSO from SST data, a regression-

EOF analysis was introduced by Kao and Yu (2009). It was used and improved in some 

subsequent studies (e.g., Yu and Kim 2010; Yu et al. 2012a). The purpose of this method is 

to separate the equatorial eastern-central Pacific SST variations into two longitudinal 

sections: (1) the eastern Pacific section and (2) the central Pacific section. Specifically, the 

following procedures are applied in this method:  

(1) SSTAs are regressed onto the Niño1+2 (0°–10°S, 80°W–90°W; representing the 

eastern Pacific) index and the Niño4 (5°S–5°N, 160°E–150°W; representing the 

central Pacific) index. 

(2)  The SST variations associated with the Niño1+2 index (i.e., the regression 

coefficients with Niño1+2 obtained from (1) multiplied by the Niño1+2 index 
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time series) are subtracted from the total SSTAs. This procedure results in 

residual SSTAs that are related mostly to the CP ENSO. 

(3) The SST variations associated with the Niño4 index (i.e., the regression 

coefficients with Niño4 obtained from (1) multiplied by the Niño4 index time 

series) are subtracted from the total SSTAs. This procedure results in residual 

SSTAs that are related mostly to the EP ENSO.  

(4) An EOF analysis is performed on the residual SSTAs resulting from step (2). The 

leading EOF mode represents the leading structure of SSTAs associated with the 

CP El Niño. The principal component (PC) of this leading EOF mode represents 

the strength of the CP type of ENSO and is referred to as the CP Index. 

(5) An EOF analysis is performed on the residual SSTAs resulting from step (3) over 

the equatorial Pacific. The leading EOF mode represents the leading structure of 

SSTAs associated with the EP El Niño. The PC of this leading EOF mode 

represents the strength of the EP type of ENSO and is referred to as the EP Index. 

2.4 Design of Forced AGCM-Based Numerical Experiments 

The Community Climate System Model, Version 4 (CCSM4) is a coupled climate 

model that consists of atmospheric, oceanic, land surface and sea-ice components, linked 

through a centralized coupler. It was developed by NCAR to simulate the Earth's climate 

system. The Community Earth System Model (CESM) is the latest update of CCSM4 (Bailey 

et al. 2010). The atmospheric-standalone component of CCSM4 is the Version 4.0 of the 

Community Atmosphere Model (CAM4). All the numerical experiments in Chapter 2 and 

Chapter 3 are conducted using this CAM4 model. 
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Three sets of ensemble experiments are conducted with a T42 (64x128 spatial grid 

points) Euler spectral resolution using CAM4: (1) a control ensemble, (2) an EP El Niño 

ensemble, and (3) a CP El Niño ensemble. Every ensemble consists of ten members. In the 

control run, climatological and annually cycled SSTs are prescribed as the boundary 

condition to drive the AGCM. In an EP (CP) run, the SSTs prescribed to the AGCM are the 

sum of the annually cycled climatological SSTs and SSTAs lead-lag regressed onto the EP 

(CP) index. The peak month of the El Niño is always placed in December in Year 1 

throughout the experiment. The SSTAs are prescribed only in the tropical Pacific between 

20°S and 20°N starting 11 months before the peak month of El Niño (i.e., January of Year 1) 

and extending to 12 months after the peak time (i.e., December of Year 2). A total of 24 

months of SSTAs are prescribed to represent the evolution of the El Niño. The strength of El 

Niño in the EP and CP runs are controlled by multiplying the regression coefficient by 

different amplification factors. In this study, the regression coefficients are scaled 3 times 

to make the magnitudes of the SSTAs close to the typical El Niño magnitudes. Figure 2.2 

shows the SSTAs used in the EP runs and Figure 2.3 shows the SSTAs used in the CP runs.  

As shown in Figure 2.2, a typical EP El Niño event onsets with warm SSTAs off the 

South American coast. The anomalies then extend northward toward the equator, after 

which the warm anomalies spread westward into the central equatorial Pacific. Eventually, 

the warm anomalies occupy the entire equatorial cold tongue region. During a typical CP El 

Niño event (Figure 2.3), the warming appears first in the northeast subtropical Pacific. It 

then extends southwestward toward the equatorial central Pacific. After the warm 

anomalies arrive at the equator, they extend eastward and occupy the entire central-

eastern equatorial Pacific. Each member of the EP (or CP) run, thus, contains 24 months of 
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SSTAs, consisting of the developing period (starting in January of Year 1), the peak period 

(centered in December of Year 1), and the decaying period (ending in December of Year 2). 

  

Figure 2.2 SST anomalies regressed onto the EP El Niño index, from 11 months before to 11 

months after the peak of the index. The values shown are the regression coefficients scaled by a 

factor of 4.5. Contour intervals are 0.5°C. 
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22-month simulations are performed in each run using the 24-month SST conditions, 

starting in February of Year 1 and ending in November of Year 2. The members differ from 

each other with a slightly-modified initial condition. The ensemble mean of the results 

among the ten members is calculated in each ensemble. 

 

Figure 2.3 Same as Fig. 2.2 but for the CP El Niño index. 
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2.5 The Impacts of the Two Types of El Niño on the US Winter Temperatures 

To investigate the impacts of the two types of El Niño on the U.S. winter surface air 

temperature, I first regress the winter (January–February–March, or JFM) surface air 

temperature anomalies onto the EP and CP El Niño indices separately. The result from 

NCEP-NCAR reanalysis (Figure 2.4 a and 2.4 b) and from CAMS (Figure 2.4 c and 2.4 d) are 

similar, both of which show the two types of El Niño impacts the U.S. winter temperature in 

ways different from the classical view. During EP El Niño events, positive winter 

temperature anomalies are concentrated mostly over the northeastern part of the U.S. 

 

Figure 2.4. Observed U.S. winter (January–February–March) surface air temperature anomalies 

regressed onto the (left) EP and (right) CP El Niño indices. Observations correspond to (a, b) 

the NCEP-NCAR reanalysis and (c, d) the CAMS air temperature data set. Regression 

coefficients significant at the 90% confidence level based on Student’s t-test are shaded. (e, f ) 

Schematic diagrams of the EP and CP El Niño impacts on US winter surface air temperatures 

are also shown. 
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(particularly over the Great Lakes region) and negative anomalies are most obvious over 

the southwestern states. During CP El Niño events, the warm anomalies are located in 

northwestern U.S. and the cold anomalies are centered in the southeast. The U.S. 

temperature impact patterns are rotated by about 90 degrees between these two types of 

El Niño. By adding these two impact patterns together, one can get a pattern that resembles 

the classical warm-north, cold-south pattern. It indicates that the classical impact view is a 

mixture of the impacts of the two types of El Niño.  

 

 

(b) CP 

(a) EP 

Figure 2.5. Results from the forced model experiments showing winter (JFM) near-surface air 

temperature differences between the (a) ensemble mean of the EP run and that of the control 

run and (b) ensemble mean of the CP run and that of the control run. Contour intervals are 

0.5C. Only the differences that are statistically significant (at the 90% level) based on the 

Student’s t-test are colored. 
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In order to confirm the findings of the impact patterns from the observation-based 

analysis above, results from the numerical experiments are analyzed. By subtracting the air 

temperature in the control run from the air temperature from the EP (or CP) run, the 

impact of EP (or CP) El Niño on the U.S. winter temperature is reproduced: the DJF air 

temperature in the US has a warm-northeast, cold-southwest anomaly pattern when 

prescribed with the EP El Niño SST condition, and a warm-northwest, cold southeast 

anomaly pattern when prescribed with the CP El Niño SST condition (Figure 2.5). The 

centers of the winter temperature anomalies coincide reasonably well with the 

aforementioned regression results based on observations.  

The robustness of the different impacts of the two types of El Niño on U.S. winter 

temperatures obtained with the regression analysis and from model experiments is further 

tested with event-by-event case study. According to NOAA’s criterion for a major El Niño 

event, the Ocean Niño Index must be greater than or equal to 0.5°C for at least five 

consecutive and overlapping three-month seasons. Twenty-one major El Niño events since 

1950 are thus identified (Table 2.1). The results of three methods in identifying the two 

types of El Niño are compared: (1) the EP/CP-index method by Kao and Yu (2009), (2) the 

Niño method by Yeh et al. (2009), and (3) the El Niño Modoki index (EMI) method by Ashok 

et al. (2007). With the EP/CP index method, the type of El Niño is determined by comparing 

the December-January-February (DJF) mean value of indices between the EP and the CP. 

With the Niño method, El Niño events were classified as the CP type when the DJF-averaged 

values of the Niño4 index were greater than the averaged values of the Niño3 index, and 

vice versa. With the EMI method, El Niño Modoki (CP El Niño) is characterized as June–

July–August–September (JJAS) and DJF averages of EMI greater than 0.7 of the standard 
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deviation. For consistency, this study uses only the DJF average whose standard deviation 

is 0.46. According to the majority consensus of Table 2.1, eight of the twenty-one major El 

Niño events are of the EP type, and thirteen are of the CP type.  

The U.S. winter (January-February-March) temperature anomalies during each case 

are calculated and grouped (Figure 2.6). Since U.S. winter temperatures can be affected by 

factors other than El Niño (e.g., remote forcing from SST variations in the Atlantic Ocean, 

local land surface processes, and the internal dynamics of the atmosphere), the impact 

patterns of El Niño on U.S. temperatures should be more easily detected during strong El 

 

Table 2.1: Table 1. Major El Niño events since 1950 and their types identified by majority 

consensus from (third column) the EP/CP-Index method, (fourth column) the Niño method, and 

(fifth column) the EMI Method. 
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Figure 2.6. U.S. winter (JFM) surface air temperature anomalies (C) during (a) eight EP El 

Niño events and (b) thirteen CP El Niño events. Values of the DJF-averaged Niño3 (N3) 

and Niño4 (N4) SST indices for each event are displayed in parentheses. 
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Niño events than weak events. Therefore, U.S. winter temperature anomalies in Figure 2.6 

are displayed in order from the strongest to the weakest events. The intensity of the events 

is determined based on the values of the Niño3 index for the EP El Niño, and on the values 

of the Niño4 index for the CP El Niño. For the EP El Niño, the four strongest events (1997, 

1982, 1972 and 1986) are associated with the warm-northeast, cold-southwest impact 

pattern on U.S. winter temperature anomalies. For the CP El Niño, the warm-northwest, 

cold-southeast anomaly impact pattern can be identified in four of the top five strongest 

events (2009, 1957, 2002, and 2004), a group that includes most of the El Niño events in 

the 21st century. The event-by-event examination presented here further supports the 

aforementioned finding that the EP and CP types of El Niño produce different impacts on 

US winter temperatures. The impact of the 2009-10 El Niño has a mixed signature of the 

impacts of the CP and the EP types (i.e., warm Northeast as well as warm Northwest, and 

cold Southeast as well as parts of Southeast). The reason is that the 2009-10 El Niño is so 

strong that the positive SST anomalies even extend to the Eastern Pacific. The atmosphere 

thus responds to the 2009-10 El Niño as a mixed effect of the CP and the EP types of El Niño. 

 

2.6 The Different Wavetrains Associated With the Two Types of El Niño 

Why do the two types of El Niño produce different impacts on U.S. winter 

temperature? An analysis on the 500 mb GPH reveals that the two types of El Niño excite 

different wavetrains in the northern hemisphere (Figure 2.7). The GPH anomalies 

regressed onto the CP El Niño spread eastward and poleward from the tropical Pacific to 

Alaska and Canada and then refract equatorward through the U.S. (Figure 2.7a). This wave 

pattern during the CP El Niño resembles the PNA pattern presented in Chapter 1 (Figure 
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1.3a), which consists of a positive anomaly center extending from eastern Alaska to 

northwestern U.S. and a negative anomaly center over southeastern U.S. The positive-

northwest, negative-southeast GPH anomaly pattern is associated with the warm-

northwest, cold-southeast pattern of surface air temperature anomalies in the U.S. during 

the CP El Niño. However, a PNA-like pattern does not show up in the winter atmosphere 

during EP El Niño events (Figure 2.7b). The regression pattern of the 500 mb GPH 

anomalies associated with the EP El Niño is instead characterized by a poleward wave train 

emanating from the tropical eastern Pacific, crossing the southwestern U.S., and entering 

the northeastern U.S. This wave pattern resembles the negative phase of the TNH pattern 

 

 Figure 2.7. Observed anomalies of 500 mb GPH (contours) and surface air temperatures (color 

shade) regressed with the (a) CP and (b) EP indices, and the JFM-averaged near-surface air 

temperature and 500 mb GPH differences (c) between the ensemble means of the CP run and 

the control run and (d) between the ensemble mean of the EP run and that of the control run. 
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presented in Chapter 1 (Figure 1.3b). The negative-southwest, positive-northeast GPH 

anomaly pattern is associated with the cold-southwest, warm-northeast pattern of surface 

air temperature anomalies in the U.S. during the EP El Niño. More investigations of the two 

wave patterns are conducted in Chapter 4 with CMIP5 models. 

These anomaly patterns of the atmospheric response are further confirmed in the 

EP and CP runs conducted with NCAR’s CAM4 model. As shown in Figures 2.7c and 2.7d, 

the CAM4 model produces a PNA-like 500 mb GPH anomaly pattern when forced with the 

CP El Niño SSTs, and a negative-TNH-like poleward wave train when forced with the EP El 

Niño SSTs. The impacts of the PNA pattern on the U.S. winter air temperature is further 

 

 Figure 2.8 Spatial regression patterns of U.S. surface air temperatures with the PNA index, 

using the NCEP-NCAR reanalysis and CAMS air temperature data set. 
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verified by regressing the U.S. winter temperature anomalies onto the PNA index (Figure 

2.8). The results using the NCEP-NCAR reanalysis and the CAMS datasets are similar to the 

pattern shown in Figures 2.4b and 2.4d, respectively.  Also, a higher correlation coefficient 

is recognized between the PNA index and the CP Index time series (i.e., 0.43 for JFM means) 

than that between the PNA index and the EP Index (i.e., 0.24). 

 

2.7 Conclusions 

The study in this chapter demonstrates that the EP and CP types of El Niño have 

different impacts on U.S. winter surface air temperatures. The CP El Niño causes the most 

pronounced impacts on U.S. winter temperatures over the northwestern and southeastern 

U.S. These impacts are very different from those of the EP El Niño, which impacts winter 

temperatures over the northeastern and southwestern U.S. The winter temperature impact 

patterns are consistent with the teleconnection patterns excited by the two types of ENSO. 

The CP El Niño excites a positive phase of the PNA pattern, while the EP El Niño excites a 

negative phase of the TNH pattern. The results obtained from this study indicate that the 

classical view of ENSO’s impact on U.S. winter temperatures is a combination of impacts 

produced by the two types of El Niño. This study refines the influence of El Niño on the U.S. 

by identifying the individual impact pattern produced by each of the two types of ENSO. 

These refinements provide a framework for more accurate predictions of ENSO’s impacts 

on U.S. climate. Under the circumstances of the increasing frequency of the CP type of El 

Niño, the findings reported in this study have important implications for how U.S. 

temperatures may react to the changing climate. 
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2.8 Postscript 

The findings of this work were initially reported in Yu et al. (2012b). The paper has 

received much attention and more studies have been conducted since then. In particular, 

the ENSO types identified in Table 2.1 for all the major El Niño events since 1950 using 

three identification methods are now referred to as the “consensus ENSO type”. In addition, 

the latest SST observations show a 1 C positive anomaly in the central Pacific for the 

winter of 2014-2015 (Figure 2.9a), which indicates an ongoing occurrence of a CP El Niño 

(b) Monthly US Temp (°C) Anomaly (2015/01-02)  

Figure 2.9. Monthly anomalies for (a) SST (2015/01/18-2015/02/14); and (b) US air 

temperature (2015/01/07-2015/02/05).  Values are in units of ºC. The plots are from NOAA/ 

Earth System Research Laboratory for (a), and NOAA/ National Weather Service for (b). 

(a) Monthly SST (°C) Anomaly (2015/01-02)  
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event.  The observed air temperature from early January to early February (Figure 2.9b) 

was warmer than normal in the northwestern U.S. and colder than normal in the 

southeastern U.S.  These warm anomalies extend eastward and southward over the entire 

western U.S., and cold anomalies extend northward and westward over the entire eastern 

U.S. and Texas. This pattern exhibits a warm northwest – cold southeast dipole, which is 

consistent with the typical impact pattern reported in this chapter for the CP El Niño. This 

similarity adds a strong support to the findings reported in this chapter. 

The atmospheric wavetrain patterns produced by the two types of El Niño are still 

in debate. In the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment 

Report, a possible eastward shift of the ENSO-induced Pacific–North American (PNA) 

teleconnection pattern was suggested (Christensen et al. 2013). Without admitting the 

diversity of ENSO, their main points stood more like a change of circulation response over 

time to the similar ENSO forcing. Zhou et al. (2014) used model simulations to show an 

intensification and eastward shift of the PNA pattern may be induced by the changing 

location of ENSO. Zhou et al. also agreed that the teleconnections during the EP and CP El 

Niño are not the same, although they insisted that it is still PNA but shifts eastwards during 

the EP El Niño compared to the CP El Niño. The point here is that, the so-called eastward-

shifted PNA pattern highly resembles the negative TNH pattern. Hence, the main points of 

Zhou et al. (2014) are in fact consistent with our results reported in Yu et al. (2012b).  To 

further indentify the wavetrain patterns produced by the two types of El Niño, a follow-up 

work by Zou et al. (2014) provides an in-depth study using CMIP5 models and is reported 

in Chapter 4 of this dissertation.  
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CHAPTER 3 

The Enhanced Drying Effect of the CP El Niño on United 

States Winter Precipitation 

 

In this chapter, statistical analyses, numerical model experiments and case studies 

are conducted. The results show that the CP El Niño enhances the drying effect on U.S. 

winter precipitation, but weakens the wetting effect typically produced by EP El Niño 

events. As a result, the emerging CP El Niño produces an overall drying effect on the U.S. 

winter, particularly over the Ohio–Mississippi Valley, the Pacific Northwest and the 

Southeast. The enhanced drying effect is related to a southward displacement of 

tropospheric jet streams that control the movement of winter storms. The results of this 

study imply that the increasing frequency of the CP El Niño in recent decades may be one 

factor contributing to the recent prevalence of extended drought in the continental U.S. 

except Southwest U.S. This chapter is rewritten from Yu and Zou (2013). 

 

3.1 Classical Understanding of the Impact on Winter Precipitation 

The typical influence of El Niño events on U.S. winter precipitation is often described 

as a seesaw pattern, as northern regions tend to be drier than normal while the southern 

regions tend to be wetter than normal (Figure 3.1).  

A classical study analyzed available surface station data on precipitation during all 

ENSO events from 1875 to 1980 and reported inconsistent precipitation responses to ENSO 

events at higher latitudes (Ropelewski and Halpert 1986). Ropelewski and Halpert 
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ascribed this inconsistency to a possible reflection of the sensitivity of regional 

precipitation to the exact locations and intensities of the PNA or other circulation patterns. 

However, they concluded that the direct or shorter-range effects, which are related to the 

SST warming in the Pacific Ocean and the enhanced subtropical jet, play a more important 

role in influencing precipitation on a consistent basis. Specifically, they emphasize four 

North American regions particularly important for identifying the El Niño impacts: (1) the 

Mid-Atlantic (MA), (2) the High Plains (HP), (3) the Great Basin (GB) and (4) the Gulf and 

Mexican area (GM). The first three regions straddle 40°N latitude and are entirely located 

in the US. Of the four regions, only GB and GM showed a consistent impacts by ENSO events. 

While the response of both regions was a positive precipitation anomaly, the anomaly 

appeared earlier in GB in the spring to early autumn seasons, prior to the peak of the El 

Niño. In GM, the anomaly appeared in the autumn and winter seasons, close to the peak of 

El Niño. The results reported by Ropelewski and Halpert (1986) are similar to the 

precipitation anomalies shown in Figure 3.1. Their study also suggested that the warming 

 

Figure 3.1 Traditional view of the US winter precipitation anomalies during El Niño (PMEL, 

NOAA). 
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of SST off Baja California, prior to the occurrence of El Niño, might be the reason why there 

is more precipitation in the Pacific west. 

Studies also suggest that the impacts of ENSO on the US precipitation do not stay the 

same. The strength of the teleconnections between ENSO and precipitation was noticed to 

vary during the 20th century (van Oldenborgh and Burgers 2005). The correlation between 

ENSO and precipitation anomalies over the western U.S. is higher for recent periods rather 

than for the period prior to 1950 (McCabe and Dettinger 1999), however, the correlation 

over the southeast is higher after the 1980s (Diaz et al. 2001). The variation of in the 

impact of ENSO on precipitation may be the result of a changing climate regimes or due to 

the changes in El Niño. The varying impact of El Niño may be due to the change in its 

frequency of occurrence, its intensity or its type (or location). Especially since the 1980s-

1990s, El Niño has gradually switched from the EP type to the CP type (Ashok et al. 2007; 

Kao and Yu 2009; McPhaden et al. 2011; Yu et al. 2012b). This transition occurs 

concurrently with the changes of the correlation between ENSO and the winter 

precipitation in some regions of the U.S., indicating a possible causal relationship.  

 

3.2 Current Understanding and Explanation of Precipitation Response During the 

Two Types of El Niño 

Barsugli and Sardeshmukh (2002) used sensitivity experiments with an AGCM to 

conclude that the exact locations of SSTAs in the tropical Pacific affect the regional 

precipitation and circulation anomalies over the Pacific-North American region. Larkin and 

Harrison (2005a) found that compositing all ENSO events regardless of the location of their 

SSTA centers can be misleading in identifying the ENSO’s impacts. They studied U.S. 
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autumn and winter seasonal temperature and precipitation responses to the “conventional” 

El Niño and “dateline” El Niño (which is similar to the CP El Niño). They concluded that the 

overall U.S. precipitation patterns produced by the two types of El Niño are very different, 

with a low correlation. In the winter, the largest differences between the precipitation 

impacts of the two types of El Niño appeared in the continental U.S., with the exception of 

two regions: the central and southern California coast, and the region from Florida through 

North Carolina. 

Mo (2010) used observations and CMIP3 models to study the interdecadal 

modulation of ENSO’s impacts on precipitation and temperature over the U.S. She 

suggested that the EP El Niño events can decrease precipitation over the Pacific Northwest 

and the Ohio Valley and increase precipitation over northern California and the 

southeastern U.S. During the CP El Niño, she found increased precipitation over the 

southwest and decreased precipitation over the southeast. She indicated that the largest 

uncertainty in the precipitation responses occurs in the Ohio Valley, over which 

precipitation may depend on the exact locations of the anomalies of the PNA wavetrain. She 

found a stronger ENSO influence over the southwest and a weaker ENSO impact over the 

Ohio Valley for the recent period (1962-2006) as compared to the early period (1915-

1960).  

Mo (2010) notes that her composite analysis may show a linear combination of the 

impacts from both the EP and the CP El Niño. A better method would be to calculate 

composites according to the type of ENSO. In this chapter, I use this type of composite 

analysis to examine the impacts of the two types of ENSO on U.S. winter precipitation. In 

addition, I also perform numerical experiments with a forced AGCM and analyze case 
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studies of major El Niño events since 1948 to examine their impacts on U.S. winter 

precipitation. 

 

3.3    Data and Methods of Analysis 

 This chapter uses two data products for the analyses: SSTs from the NOAA’s ERSST 

V3b dataset (Smith and Reynolds 2003) and precipitation and wind data from the NCEP–

NCAR Reanalysis (Kistler et al. 2001). Monthly SST, precipitation and wind anomalies from 

1948 to 2010 were analyzed. Anomalies are defined as deviations from the 1948–2010 

climatology. Monthly values of the EP Niño index and the CP El Niño index from Yu et al. 

(2012a,b) are used to represent the intensities of the two types of El Niño. The regression–

EOF method used in this analysis has been described in Chapter 2. This method is shown to 

 

(a) EP

(b) CP

 Figure 3.2 EOF patterns of sea surface temperature anomalies obtained from a regression-EOF 

method for: (a) the EP type of El Niño and (b) the CP type of El Niño. 
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be able to separate the EP and CP El Niño (Figure 3.2). We also conducted three ensemble 

forced AGCM experiments to contrast the impacts produced by the two types of El Niño. 

The AGCM used is CAM4 from the NCAR. The three experiments include a control run, an 

EP run, and a CP run. In the control run, climatological, annually-cycled SSTs (calculated 

from 1948-2010) are used as the boundary condition to force CAM4. The details of the 

experiment design are described in Chapter 2. 

 

3.4    Results 

We first regress U.S. winter (January-February-March; JFM) precipitation anomalies 

to the EP and CP El Niño indices to identify the impact patterns. The regression coefficients 

with the U.S. winter precipitation are displayed in Figures 3.3a-b, with the hatches 

indicating the data points where the coefficients pass Student’s t-test at the 90% 

significance level. The figures show that both types of El Niño produce a dry-north, wet-

south anomaly pattern, similar to the seesaw pattern that has traditionally been used to 

describe the El Niño impacts on U.S. winter precipitation. The dry and wet anomalies are 

largely along the eastern and western sea boards, with the dry anomalies located mostly 

over the Pacific Northwest and the Great Lakes regions and the wet anomalies located over 

the southwest and the southeast. However, the intensity and the area coverage of the dry 

and wet anomalies are noticeably different between the two types. The dry anomalies 

produced by the CP El Niño are of larger magnitudes and cover larger areas than those 
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(a) EP Impact / Regression of Reanalysis

(b) CP Impact / Regression of Reanalysis

(c) CP - EP / / Regression of Reanalysis

Figure 3.3 US winter (January-February-March; JFM) precipitation anomalies associated with 

the El Niño are shown in the top panels for the EP El Niño, in the middle panels for the CP El 

Niño, and in the bottom panels for the difference between the two types of El Niño (i.e., CP 

impact minus EP impact). The values shown in the left column are obtained by regressing US 

winter precipitation anomalies to the EP and El Niño index. Values shown are in units of 

mm/day, and areas passed 90% significance test using a student-t test are hatched. 
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produced by the EP El Niño. The areas of dry anomalies expand southward to a greater 

extent during CP El Niños than during EP El Niños. For example, the dry anomalies cover 

only the Great Lakes region during EP El Niños, but extend southwestward through the 

Ohio-Mississippi Valley toward the Gulf Coast during CP El Niños. In contrast, the wet 

anomalies tend to have smaller magnitudes during CP El Niños than during the EP El 

Niños—a phenomenon that appears most obviously over the Southeast U.S. Figures 3.3a-b 

indicate that the CP El Niño tends to intensify the dry anomalies, but weaken the wet 

anomalies of the impact pattern produced by the EP El Niño. This important difference is 

clearly revealed in Figure 3.3c, in which the precipitation anomalies, regressed with the EP 

El Niño, are subtracted from the anomalies regressed with the CP El Niño (i.e., Figure 3.3b 

minus Figure 3.3a). Figure 3.3c shows negative differences over most of the U.S., excluding 

the southern portion of the southwest where positive differences exist. The negative values 

in Figure 3.3c indicate that a shift in El Niño from the EP type to the CP type makes the dry 

anomalies over the Pacific Northwest and along the Ohio-Mississippi Valley drier and the 

wet anomalies over the southeast less wet. Southern California and Arizona are the only U.S. 

regions where the CP El Niño makes the winter climate wetter than during the EP El Niño 

events. Overall, the regression analyses reveals that the CP type of El Niño enhances the 

drying effect of El Niño on U.S. winter precipitation. 

To further confirm the different impacts produced by the two types of El Niño, we 

composite U.S. winter precipitation anomalies according to the El Niño type. Yu et al. 

(2012b) have identified twenty-one major El Niño events during 1948-2010, using the 

Ocean Niño Index, and have determined the types of these events based on the consensus 

of three different identification methods (Kao and Yu 2009; Yeh et al. 2009; Ashok et al. 
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2007). According to their Table 1 (also Table 2.1 in this dissertation), eight of the twenty-

(a) EP Impact / Composite of Reanalysis

(b) CP Impact / Composite of Reanalysis

(c) CP - EP / Composite of Reanalysis

Figure 3.4 The same as Figure 3.3 but are obtained by compositing major EP and CP El Niño 

events that have occurred since 1950. 
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one El Niño events are of the EP type (1951-52, 1969-70, 1972-73, 1976-77, 1982-83, 

1986-87, 1997-98, and 2006-07), while the other thirteen are of the CP type (1953-54, 

1957-58, 1958-59, 1963-64, 1965-66, 1968-69, 1977-78, 1987-88, 1991-92, 1994-95, 

2002-03, 2004-05, and 2009-10). Figure 3.4 shows the U.S. winter precipitation anomalies 

composited from these two groups of El Niño events. The dry and wet anomalies in these 

composites are similar to the regression results shown in Figures 3.3a-c, which include not 

only El Niño, but also La Niña impacts (although some minor differences exist). The 

composites show dry-north, wet-south patterns for the both types of El Niño, but with the 

dry anomalies intensified in the CP El Niño composite over the Pacific Northwest and the 

Ohio-Mississippi Valley and wet anomalies weakened over the southeast.  

We examine U.S. winter precipitation anomalies during individual EP and CP El Niño 

years over the following four U.S. regions: (1) the Pacific Northwest, (2) Ohio-Mississippi 

Valley, (3) the southeast, and (4) the southwest. Figure 3.5 shows the winter precipitation 

anomalies in each of these two groups of El Niño events over the four regions. The specific 

grid points used in the averages for each of the regions are indicated in the figure. These 

points were selected from Figure 3.3 based on the precipitation anomaly centers associated 

with the both types of El Niño. The enhanced drying effect of the CP El Niño over the Pacific 

Northwest region is apparent in Figure 3.5, which shows a mean precipitation anomaly of -

4.3 mm/day for the CP El Niño years and a mean of +1.5 mm/day for the EP El Niño years. 

Negative anomalies also tend to occur over the Pacific Northwest more consistently during 

the CP El Niño years (i.e., 10 out of 13 events; 77%) than during the EP El Niño years (i.e., 4 

out of 8 events; 50%). This enhanced drying tendency is also apparent in the Ohio-

Mississippi Valley. During eleven of the thirteen CP El Niño years (i.e., 85%), the winter 
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group and +6.7 mm/day for the CP El Niño group. There are indications of a stronger 

wetting effect produced by the CP El Niño than the EP El Niño, however the differences are 

not as significant relative to those found in the other three regions.  

Winter precipitation over the U.S. is primarily associated with winter storms, whose 

paths across the US are controlled by the locations of tropospheric jet streams. The 

climatological locations of the jet streams in the winter can be identified by the local 

maxima in the mean zonal winds at 300 mb (U300mb), as shown in Figure 3.6a. The figure 

shows that there is a double-jet feature over the west coast that merges into a single-jet 

over the East Coast (indicated by the black bold lines in the figure). The northern branch of 

the double jet is the polar jet stream, and the southern branch is the subtropical jet stream. 

We separately regress winter U300mb anomalies onto the EP and CP El Niño indices 

(Figures 3.6b and 3.6c) to examine how the jet streams respond to El Niño.  

The mean locations of the polar and subtropical jet streams identified in Figure 3.6a 

are superimposed on Figures 3.6b-c to aid the examination of the jet stream variations. 

Figures 3.6b and 3.6c indicate that the jet streams shift southward during both types of El 

Niño, with large negative wind anomalies in the northern U.S. and large positive wind 

anomalies in the south. Previous studies have suggested that such an equator-ward shift of 

the tropospheric jet streams during El Niño events results from El Niño-induced Rossby 

wave trains and strengthening of the Hadley circulation (e.g., Wang and Fu 2000; Seager et 

al. 2003; Lu et al. 2008). As the jet streams shift southward, winter storms shift south with 

them, leading to a dry-north, wet-south pattern of precipitation anomalies during the El 

Niño. However, we find from Figure 3.6 that the jet streams are displaced more southward 

during CP El Niños than during EP El Niños. Off the West Coast, for example, the weakening 
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(a) Climatology

(b) EP - Climatology

(c) CP - Climatology

Figure 3.6 300mb zonal winds (U300mb) from NCEP/NCAR reanalysis (a) averaged during the 

winter season (JFM) from 1948 to 2010, and the anomalies regressed to (b) the EP El Niño 

index, and (c) the CP El Niño index. The climatological locations of tropospheric jet streams are 

indicated by black bold lines along the local maxima of U300mb. Units shown are in units of 

m/s. 
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of the zonal winds in the north and the strengthening of the winds in the south are 

centered, respectively, at 55°N and 30°N, for the EP El Niño, and at 45°N and 20°N, for the 

CP El Niño. The more southward displacements of the jet streams explain why the dry 

anomalies over the northern U.S. (including the Northwest and Ohio-Mississippi Valley) 

expand and strengthen more significantly during CP El Niño events than during EP El Niño 

events. Similarly, the wet anomalies over the southern U.S. expand over the southwest and 

extend into the Mexico during the CP El Niño. However, the same southward displacements 

over the East Coast push the core of the subtropical jet stream (and therefore the storm 

tracks) from the U.S. and over the Gulf of Mexico and Caribbean, which results in only a 

small area of wet anomalies left in the southeast U.S. during the CP El Niño.  

To further verify the different impacts of the two types of El Niño on precipitation 

patterns, in Figures 3.7 we contrast the U.S. winter precipitation anomalies calculated from 

the three forced AGCM ensemble experiments: (1) the control run, (2) the EP run, and (3) 

the CP run. The impacts produced by the EP and CP types of El Niño on U.S. winter 

precipitation are identified by subtracting the ensemble mean of the control run from the 

ensemble means of the EP and CP runs. It is encouraging to find that the CAM4 experiments 

reproduce the major findings obtained from the regression analyses (c.f., Figure 3.3): the 

CP El Niño enhances the dry impacts and weakens the wet impacts on U.S. winter, with the 

exception of the southwest. Compared to the EP run, the CP run produces stronger dry 

anomalies over the northwest and Ohio-Mississippi Valley and weaker wet anomalies over 

the southeast. It is particularly interesting to note that the CP run reproduces the strong 

dry anomalies along the Ohio-Mississippi Valley previously revealed in the analysis of 

NCEP-NCAR reanalysis (cf. Figures. 3.7b and 3.3b). The tendency toward wetter anomalies 
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over the southwest during the CP El Niño is more evident in the forced CAM4 experiments 

than in the regression results. We also examined the 300 mb zonal wind (U300mb) 

anomalies from the forced AGCM experiment (shown in Figure 3.8) and noted a similar 

southward shift of the jet streams during the two types of El Niño was apparent. 

 

(a) EP Impact / Model

(b) CP Impact / Model

(c) CP - EP / Model

Figure 3.7 The same as Figure 3.3 but are calculated by subtracting the ensemble-mean winter 

precipitation of the forced AGCM experiments from the ensemble means of the EP and CP 

runs. 
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(a) Control

(b) EP - Control

(c) CP - Control

Figure 3.8 300mb zonal winds (U300mb) from the ensemble-mean winter U300mb produced 

by (a) the control run of the forced AGCM experiment, (b) the U300mb differences between 

the EP El Niño run and the control run, and (c) the differences between the CP El Niño run 

and the control run. The climatological locations of tropospheric jet streams are indicated by 

black bold lines along the local maxima of U300mb. Units shown are in units of m/s.Figure 

3.8 300mb zonal winds (U300mb) from the ensemble-mean winter U300mb produced by (a) 

the control run of the forced AGCM experiment, (b) the U300mb differences between the EP 
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Particularly, the more southward displacement of the jet streams over the eastern half of 

the U.S. is particularly obvious in the CP El Niño run compared to the EP El Niño run. This 

finding is consistent with the result we obtained from the regression analysis with the 

reanalysis product (cf. Fig. 3.6). It should be noted that the model zonal wind anomalies are 

calculated by subtracting the ensemble-mean produced by the control run from the 

ensemble means produced by the EP and CP run. The U300mb climatology produced by the 

CAM4 model over the U.S. is reasonably realistic.  

 

3.5    Conclusions 

We performed analyses with reanalysis products and numerical experiments to 

show that the recently-emerged CP type of El Niño can enhance the dry impacts and 

weaken the wet impacts produced by the traditional EP type of El Niño on U.S. winter 

precipitation. While both types of El Niño shift the jet streams southward from their 

climatological winter locations over the U.S., the shift is larger during the CP El Niño. 

Schematic plots of average jet stream location during a non-ENSO winter, an EP El Niño 

winter and a CP El Niño winter are shown in Figure 3.9. Since the tracks of winter storms 

are steered by the jet stream, the more southward shift of the jet stream explains why the 

dry anomalies typically produced by the El Niño over the Pacific Northwest and Ohio-

Mississippi Valley cover a larger area and are increased in intensity during the CP El Niño. 

The more southward shift of the jet stream increases the storm activity and the winter 

precipitation over the southwest and the southeast. However, the core of the jet streams 

along the eastern U.S. moves to the Gulf during the CP El Niño and reduces the land area of 

wet anomalies over the southeast (Figure 3.9c). The southern end of the southwest is the 
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only region of the U.S. that is exempted from the drying effect produced by El Niño when it 

Polar Jet Stream

Subtropical Jet Stream

(a) During a Non-ENSO winter

Figure 3.9 Schematic plots of winter jet stream locations during (a) Non-ENSO years; (b) 

an EP El Niño event; and (c) an CP El Niño event. 

Subtropical Jet Stream

Polar Jet Stream

(b) During an EP El Niño winter
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shifts from the EP type to the CP type. 

One major implication from this study is that droughts occurring in the Ohio-

Mississippi Valley and Pacific Northwest during El Niño years may be intensified with the 

transition of the El Niño to a CP type. With this transition the southeast cannot expect as 

large a supply of water from winter precipitation during El Niño years as in the past. At the 

same time, the southwest should prepare for more severe flooding events during CP El 

Niño years. Another major implication from this study is that the shift of the El Niño from 

the EP type to the CP El Niño in recent decades may have produced a net drying effect on 

the U.S. winter precipitation, with the exception of the southwest. Since the CP El Niño is 

Figure 3.9 (continued) 

 

 

Subtropical Jet Stream

Polar Jet Stream

(c) During a CP El Niño winter
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suggested to occur more frequently in the recent decades, particularly after the 1990, its 

possible linkage with the extended U.S. drought since the 1990s deserves further 

investigation.  

 

3.6    Postscript 

In a recent study of precipitation variability over the northeastern U.S., Ning and 

Bradley (2014) conducted an EOF analysis to investigate the relationship between 

precipitation variability and atmospheric teleconnections.  They found that the first EOF 

pattern (accounting for 30.6% of the total variation) represents increased precipitation 

over the Ohio Valley and the East Coast. This pattern is significantly correlated with PNA 

and Pacific decadal oscillation (PDO) indices. The third EOF pattern (accounting for 13.6% 

of the total variation) showed a precipitation anomaly contrast between coastal and inland 

regions in the mid-latitude eastern US, with a boundary along the Appalachian Mountains. 

This pattern was significantly correlated with the PNA, PDO, and NIÑO3 indices. It is worth 

noting that the first EOF pattern obtained from their study strongly resembles the impact 

pattern produced by the CP El Niño (Figures 3.3b, 3.4b and 3.7b), and their third EOF 

pattern can be seen from both EP and CP El Niño impacts from our study (Figures 3.3a, 3.3b, 

3.4a and 3.7b). The EOF patterns and associated teleconnections in their study are 

consistent with our conclusion that the PNA pattern is driven by the CP El Niño. 
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CHAPTER 4 

CMIP5 Model Simulations of the Impacts of the Two Types 

of El Niño on United States Winter Temperatures 

 

In this Chapter, thirty CMIP5 preindustrial simulations are examined to contrast the 

impacts of the two types of El Niño on US winter temperatures. The CMIP5 models are 

found to be more capable of simulating the observed EP El Niño impacts (a warm-northeast, 

cold-southwest pattern over the US) but less capable of simulating the observed CP El Niño 

impacts (a warm-northwest, cold-southeast pattern). During EP El Niño events, large SST 

anomalies are located in the eastern equatorial Pacific that enable the events to influence 

the Walker circulation giving rise to a basin-wide pattern of outgoing longwave radiation 

(OLR) anomalies. The modeled atmospheric responses to the EP El Niño are thus less 

sensitive to the detailed structure of the simulated SST anomalies and can be well 

simulated by most of the CMIP5 models. In contrast, the SST anomalies associated with the 

CP El Niño are located in the central equatorial Pacific and affect the strength of the Walker 

Circulation less effectively than the EP El Niño. OLR anomalies are local, rather than basin-

wide, and located to the west of the SST anomalies. The modeled atmospheric responses to 

the CP El Niño, therefore, depend more on how realistically the CP El Niño SST anomalies 

are simulated in the models. As a result, the CP El Niño’s impact on US winter temperature, 

which is controlled by the atmospheric wave train response to the OLR forcing, is less well 

simulated by the CMIP5 models. This conclusion is supported by an examination of the PNA 
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and TNH patterns produced by the CMIP5 models in response to the two types of El Niño. 

This chapter is rewritten from Zou et al. (2014). 

 

4.1 Introduction 

In Chapter 2, it was shown that the El Niño impact pattern on US winter 

temperature is rotated by 90 degrees between the EP and CP types of El Niño. During the 

EP El Niño, warm surface air temperature anomalies appear in the northeastern US while 

cold anomalies appear in the southwestern US. During the CP El Niño, the winter warm 

anomalies are located in the northwestern US, and the cold anomalies in the southeastern 

US. These contrasting impact patterns are close to those reported in the composite study of 

(Mo 2010) but with some additional details in the spatial structures. Chapter 2 also showed 

that these two impact patterns can be reproduced in NCAR's Community Atmospheric 

Model Version 4 (CAM4) when the model was forced by SST anomalies representative of 

the two types of El Niño. Furthermore, these two impact patterns can be identified in 

individual CP and EP El Niño events observed during 1950-2010. Therefore, the different 

impact patterns reported in Chapter 2 between the two types of El Niño on US winter 

temperature are robust. We linked the different impact patterns to the different planetary 

wave train patterns in the extratropical atmosphere excited by the two types of El Niño. 

The CP El Niño is associated more with a positive phase of the PNA pattern and the EP El 

Niño is associated more with a poleward-directed wave train that resembles the negative 

phase of Tropical Northern Hemisphere TNH pattern. The PNA pattern is characterized by 

GPH anomalies that spread eastward and poleward from the tropical Pacific to Alaska and 

Canada and then refract equatorward through the US. As described in Chapter 1, the PNA 
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pattern over the US domain consists of positive GPH anomalies over the northwest US and 

negative GPH anomalies over the southeast US during CP El Niño. The maximum response 

of GPH can be bigger than 50 meters. A warm-northwest, cold-southeast impact pattern is 

thus produced in the US winter during CP El Niño events. Associated with the TNH pattern, 

the EP El Niño events excite a wave train characterized by negative GPH anomalies over the 

southwest US and positive GPH anomalies over the northeast US. This GPH anomaly 

pattern leads to a warm-northeast, cold-southwest pattern in US winter temperatures 

during the EP El Niño. Therefore, the extratropical atmosphere responds to the two types 

of El Niño with two distinct wave train patterns, which results in different impact patterns 

on the US winter climate. 

This study examines whether the CMIP5 models can simulate the different impacts 

of the two types of El Niño on US winter temperature. The model performance is expected 

to depend on two factors: (1) how well the two types of El Niño are simulated, and (2) how 

realistically the model atmospheres respond to the different forcing produced by the two 

types of El Niño. In order to investigate these factors, we examine not only the tropical 

Pacific SST and US winter temperature patterns associated with the two types of El Niño, 

but also their associated OLR anomalies and atmospheric planetary wave trains. This 

chapter is organized as follows: The datasets used in this study are described in section 4.2. 

The model simulations of the two types of El Niño are presented in section 4.3. The US 

winter temperature responses to El Niño in the CMIP5 models are examined in section 4.4. 

Relations among SST, OLR, and US air temperature are investigated in section 4.5. The 

modeled wave train patterns are compared to reanalysis results in section 4.6. A summary 

and discussion of the results follows in section 4.7. 
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4.2 Data and Methods of Analysis 

4.2.1 Observation and Reanalysis Data 

This study uses three observation/reanalysis data products: (1) the SST data from 

the NOAA’s ERSST V3b dataset (Smith and Reynolds 2003) with a 2˚x2˚ spatial resolution 

and a monthly temporal resolution, available from January, 1854; (2) the near-surface air 

temperature and 500mb GPH data from the NCEP-NCAR Reanalysis (Kalnay et al. 1996) 

with a 2.5˚x2.5˚ resolution, available from January, 1948; and (3) the  NOAA Interpolated 

OLR (Liebmann and Smith 1996) dataset with a 2.5˚x2.5˚ spatial resolution and a monthly 

temporal resolution, available from June, 1974.  Monthly SST, GPH, and air temperature 

anomalies from 1948 to 2010 were analyzed. The anomalies are defined as the deviations 

from the 1948-2010 climatology. Monthly OLR anomalies from 1975 to 2010 were 

analyzed. Anomalies of OLR are defined as the deviations from the 1981-2010 climatology. 

Also used in this analysis are the winter values of the PNA Index and TNH index during 

1950-2010 downloaded from the Climate Prediction Center of NOAA. 

 

4.2.2 CMIP5 Datasets 

CMIP5 includes a set of experiments in order to address scientific questions from 

IPCC Fourth Assessment Report (AR4), get better understanding of climate and provide 

climate projections for the possible scenarios (Taylor et al. 2007). Up to now, over 20 

climate modeling groups and institutions all over the world have been involved in this 

project. They are: NERSC (Norway), Hadley Centre (U.K.), GFDL (U.S.A.), IPSL & LMD 

(France), NIES & U. Tokyo. (Japan), CCCMA (Canada), MPI (Germany), INGV (Italy), EC- 
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Earth Consortium (Europe), CMIRO & BMRC (Australia), NASA GSFC (U.S.A), CSIRO & 

QCCCE (Australia), NCAR (U.S.A.), MRI (Japan), METRI (Korea), LASCIAP (China), NASA 

GISS (U.S.A.), BCC (China), INM (Russia), CERFACS & CNRM (France) and U. Reading (U.K.).  

CMIP5 has three sets of ensembles: preindustrial simulations, historical simulations and 

projections. The preindustrial simulations for each model provide more than 500 years’ 

dataset without the influence of the recent increase of greenhouse gases. Historical 

simulations basically cover from the mid 19th century to the early 21st century. Projections 

have more than 100 years’ coverage and consist of 4 scenarios: RCP3PD, RCP45, RCP6 and 

RCP85. These scenarios have different assumptions of future rediative forcing. For example, 

A:ACCESS1−0 

B:ACCESS1−3 

C:bcc−csm1−1 

D:bcc−csm1−1−m 

E:CanESM2 

F:CCSM4 

G:CESM1−BGC 

H:CESM1−CAM5 

I:CESM1−FASTCHEM 

J:CESM1−WACCM 

K:CMCC−CESM 

L:CMCC−CM 

M:CMCC−CMS 

N:CSIRO−Mk3−6−0 

O:GFDL−CM3 

P:GFDL−ESM2G 

Q:GFDL−ESM2M 

R:GISS−E2−H 

S:HadGEM2−CC 

T:HadGEM2−ES 

U:inmcm4 

V:IPSL−CM5A−LR 

W:IPSL−CM5A−MR 

X:IPSL−CM5B−LR 

Y:MIROC5 

Z:MPI−ESM−LR 

a:MPI−ESM−P 

b:MRI−CGCM3 

c:NorESM1−M 

d:NorESM1−ME 

 
Table 4.1. The full abbreviations of the thirty selected CMIP5 models. 
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representative Concentration Pathway (RCP) 4.5 is a scenario that stabilizes radiative 

forcing at 4.5 Watts per meter squared in the year 2100 without ever exceeding that value.  

We focus our analyses on the pre-industrial simulations produced by thirty (30) 

CMIP5 models (see Table 4.1). The length of the pre-industrial simulations varies from 

model to model. Five hundred years of each simulation are analyzed in this study. We 

choose to analyze the pre-industrial simulations because their integration lengths are 

longer than those of the historical simulations. The pre-industrial simulations and 

historical simulations of CMIP5 (19th, 20th and 21st century) have almost the same 

intensity ratios of CP/EP El Niño’s SST warming, although the historical simulations have 

slightly higher intensity (Kim and Yu 2012).  

 

4.2.3 Analytical Methods 

Following Yu et al. (2012b), anomalies associated with the two types of El Niño were 

identified by regressing the corresponding fields onto the EP and CP indices. The monthly 

values of the EP and CP indices were calculated separately by applying a regression-EOF 

analysis (Kao and Yu 2009; Yu and Kim 2010) to both the observed and simulated SST 

anomalies. In this method, the SST anomalies regressed with the Niño1+2 (0°-10°S, 80°W-

90°W) SST index were considered as the influence from the EP El Niño and were removed 

before the EOF analysis was applied to identify the spatial pattern of the CP El Niño. 

Similarly, the SST anomalies regressed with the Niño4 (5°S-5°N, 160°E-150°W) index were 

considered as the influence from the CP El Niño and were removed before the EOF analysis 

was applied to identify the leading structure of the EP El Niño. The PCs of the leading EOF 
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(a)

(b)

Figure 4.1. The EOF patterns of SST anomalies calculated from the observations and the 

CMIP5 models for (a) EP El Niño and (b) CP El Niño. The loading coefficients in the patterns 

have been scaled by their corresponding eigenvalues to reflect their amplitudes and are in units 

of °C. The patterns are shown in order from the highest to lowest pattern correlation between 

the observations and modeled US winter air temperature regression patterns (see Figure 4.5). 
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modes for the EP and CP El Niño represent the temporal variations of these two types of El 

Niño and are referred to as the EP Index and the CP Index, respectively. 

We calculated the EP Index and the CP Index for all of the 30 CMIP5 models using 

their SST data.  Our regression analysis was based on the EP Index and the CP Index for 

each of the model itself. 

 

4.3 Simulation of the Two Types of El Niño in CMIP5 Models 

Figure 4.1 shows the SST anomaly patterns of the two types of El Niño identified by 

the regression-EOF method from the thirty CMIP5 models and the observations. Here, the 

loading coefficients of each EOF mode have been scaled by the square root of their 

eigenvalues to reflect the standard deviation of the SST anomalies associated with the 

mode (Yu and Kim 2010). The intensity of the El Niño can, therefore, be quantified as the 

maximum value of the scaled loading coefficient. The Figure shows that the simulated EP El 

Niños have positive SST anomalies in the eastern Pacific near the South American Coast, 

with some variations in the intensity and central location of the anomalies. The simulated 

CP El Niños have positive SST anomalies located over a wider range of longitudes with 

varying intensities and areas covered. This is reflected in the values of the pattern 

correlations between the simulated and observed SST anomalies shown in Figure 4.2 for 

these two types of El Niño. For the EP El Niño, twenty-six models have pattern correlations 

larger than 0.8. For the CP El Niño, only fourteen models have correlations larger than 0.8. 

Nevertheless, most of the CMIP5 models can reproduce the two types of El Niño with 

reasonable spatial structures. Almost all the models produce pattern correlations larger 

than 0.5 for the two types of El Niño. The pattern correlation of the multi-model mean is 
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around 0.8 for both types of El Niño and the spreads (defined by one standard deviation of 

the multi-model values) do not include pattern correlations smaller than 0.6. It is 

concluded that the two types of El Niño can be identified in the CMIP5 models. 

 

 Figure 4.2. The pattern correlations between the observed and model SST anomaly patterns for 

the EP El Niño (top) and CP El Niño (bottom), ordered from the highest to lowest values. The 

anomaly patterns are the scaled loading patterns from the EOF analysis (see Figure 4.1). The 

multi-model mean (blue) is also shown with its spread (defined by one standard deviation of the 

multi-model values) indicated by a black line. 
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Figure 4.3. The regression patterns of US winter near-surface air temperature anomalies on the 

EP Index calculated from the observations and the CMIP5 models. Values shown are in units of 

°C per standard deviation, in order from the highest to lowest pattern correlation (r) between the 

observed and modeled regression patterns.   
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4.4 United States Winter Temperature Response to El Niño in CMIP5 Models 

Following Yu et al. (2012b), US winter (January-February-March; JFM) near-surface 

air temperature anomalies are regressed onto the EP and the CP indices for the pre-

industrial simulations and the observations. The regression coefficients are shown in 

Figures 4.3 and 4.4. In the figures, only the model points that pass the 10% significance 

level using the student-t test or the observational points that have values greater than 0.1 

are plotted. For the observations, the regressions are characterized by a warm-northeast, 

cold-southwest pattern for the EP El Niño and a warm-northwest, cold-southeast pattern 

for the CP El Niño, as reported by Yu et al. (2012b). As mentioned, these two contrasting 

patterns were confirmed in Yu et al. (2012b) by numerical experiments and case studies 

and the differences in the patterns are robust. In Figures 4.3 and 4.4, the regressed US 

anomaly patterns from the CMIP5 models are arranged by pattern correlations between 

the simulated US air temperature impact patterns and the observed US air temperature 

impact pattern, from the highest to the lowest. The pattern correlations reflect the 

structure similarity between model and observed regression patterns. It is noticed from 

Figure 4.3 that the US winter responses to the EP El Niño are reasonably simulated by most 

of the CMIP5 models. The pattern correlation for the “best” model (CESM1-CAM5) is as 

high as 0.81 and the pattern correlations are still very high for most of the lower-ranked 

models. For example, the pattern correlation is still above 0.5 even for the 19th-ranked 

CMIP5 model. The warm-northeast, cold-southwest pattern can be seen in many of the 

CMIP5 models. However, the situation is quite different for the CP El Niño. As shown in 

Figure 4.4, the pattern correlation drops below 0.5 quickly; after the 7th-ranked model. The 

observed warm-northwest, cold-southeast pattern can only be found in the top few "best" 
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Figure 4.4. Same as Figure 4.3 but for the CP El Niño. 
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models. In some of the CMIP5 models, the US winter responses to the CP El Niño are even 

opposite from that observed (e.g., CCSM4 and CESM1-FASTCHEM). Figures 4.3 and 4.4, 

therefore, indicate that the CMIP5 models are more capable of realistically simulating the 

US winter temperature impact produced by the EP El Niño than the impact produced by the 

CP El Niño. 

The different performances of the CMIP5 models in simulating the US temperature 

responses to the two types of El Niño can be further demonstrated in Figure 4.5, where the 

pattern correlations calculated between the simulated and the observed US winter 

temperature anomaly regressions are ranked from the highest to the lowest values. Figure 

4.5 shows that, for the impact pattern produced by the EP El Niño, nineteen of the thirty 

 

Figure 4.5. Values of the pattern correlations between the observed and modeled US winter air 

temperature anomalies for the EP El Niño (top) and CP El Niño (bottom), ordered from the 

largest to the smallest. The multi-model means (blue) are also shown with their spreads 

indicated by black lines. 
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CMIP5 models produce pattern correlations larger than 0.5. Only four models produce 

negative pattern correlations. In contrast, for the impact pattern produced by the CP El 

Niño, only seven out of the thirty models have pattern correlations larger than 0.5. Eleven 

CMIP5 models produce negative pattern correlations. The multi-model means and spreads 

shown in Figure 4.5 also indicate that the impact simulation is more realistic for the EP El 

Niño than for the CP El Niño. In the next section, we will analyze why there exists such a 

difference in the model performance. It is necessary to mention that the pattern 

correlations calculated between the model and observations can be influenced by the 

uncertainties in the observed regression patterns, and that the smaller mean pattern 

correlation for the CP El Niño may be partly due to larger uncertainties in the observed 

impact pattern of the CP El Niño. This possibility will have to be addressed when longer 

observational datasets become available. 

 

4.5 Relationships Between Sea Surface Temperature, Outgoing Longwave Radiation 

and Air Temperature Response 

Heating associated with deep convection is one key process by which El Niño 

influences the atmosphere. The intensity and location of deep convection can be 

represented by the OLR. The importance of using OLR anomalies to understand the 

atmospheric teleconnections from the tropics had been emphasized in many earlier studies 

(e.g. Heddinghaus and Krueger 1981; Lau and Chan 1983, 1985; Gruber and Krueger 1984; 

Ardanuy and Kyle 1986; Chiodi and Harrison 2013). In order to understand why it is 

relatively easier for the CMIP5 models to simulate the US winter response to the EP El Niño 

than the response to the CP El Niño, we need to look into the OLR anomalies induced by the 
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NOAA OLR

MIROC5

HadGEM2-CC

CMCC-CMS

CanESM2

ACCESS1-0

CMCC-CESM

GFDL-ESM2M

CESM-WACCM

GISS-E2-H

NorESM1-M

IPSL-CM5B-LR
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150°E              180°W            150°W              120°W              90°W

Figure 4.6. The regression patterns of OLR anomalies on the EP Index calculated from the 

observations and the CMIP5 models, ordered from the highest to lowest pattern correlation 

between the observed and modeled OLR regression patterns. Values shown are in units of 

W/m2 per standard deviation. 
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 150°E              180°W            150°W              120°W              90°W
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Figure 4.7. Same as Figure 4.6 but for the CP El Niño. The patterns are ordered by the locations 

of the maximum OLR responses (most negative values), from the westernmost to the 

easternmost. 
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two types of El Niño and examine how well the OLR anomalies are simulated in CMIP5 

models. For this purpose, we regressed OLR anomalies on the EP and CP indices. Due to the 

limited length of the OLR dataset, the regression was conducted only for the period 1975-

2010. To make sure that this OLR analysis can be used to explain the different US impact 

patterns discussed in Section 4 for the two types of El Niño, we repeated the same 

regression analyses for the US winter impact pattern using this shorter period. Similar 

patterns (not shown) were obtained as those shown in Figures 4.3 and 4.4. Figure 4.6 

shows that when regressed with the EP Index, negative OLR anomalies (i.e., enhanced deep 

convection) are observed to spread from the eastern equatorial Pacific to the central-

western equatorial Pacific, covering almost the entire basin. Similar basin-wide OLR 

anomalies can be seen in many of the CMIP5 models (at least the first twenty models in the 

figure). This can explain why many of the CMIP5 models are able to reasonably simulate 

the observed US winter temperature response pattern to the EP El Niño. So, why then do 

the real-world atmosphere and many of the CMIP5 models show similar basin-wide 

patterns of OLR anomalies in association with the EP El Niño? As shown in Figure 4.1a, the 

SST anomalies associated with the observed and simulated EP El Niño are confined mostly 

to the eastern Pacific, where the sinking branch of the Walker circulation resides. Therefore, 

positive SST anomalies associated with the EP El Niño can efficiently weaken the Walker 

circulation to give rise to remote OLR anomalies across the basin.  

In contrast, the observed OLR anomalies regressed with the CP El Niño (Figure 4.7) 

do not show a basin-wide pattern. The observed OLR anomalies are confined locally in the 

western Pacific. This local, rather than basin-wide, response in the OLR can be explained 

from the SST anomaly structure of the CP El Niño. As shown in Figure 4.1b, the SST 
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anomalies for this type of El Niño are located mostly in the central Pacific, which does not 

coincide with either the sinking or the rising branch of the Walker circulation. Likely as a 

result of this, the SST anomalies of the CP El Niño do not induce basin-wide OLR variations 

but only local OLR anomalies immediately to their west. In the CMIP5 models, the OLR 

anomalies regressed with their simulated CP El Niño indices are also found to be confined 

locally to the west of the SST anomalies (cf. Figure 4.7 and Figure 4.1b). Due to the local 

nature of the anomalies, the OLR anomalies induced by the CP El Niño vary substantially 

from model to model in terms of their exact location and size/shape. For example, the 

location of the OLR response varies from around 150°E in the CMIP5 models shown in the 

upper panels of Figure 4.7 to around 150°W in the models shown in the lower panels of the 

figure. A study by Barsugli and Sardeshmukh (2002) has shown that the atmosphere is 

most sensitive to the SST anomalies located near and around the Niño4 region (between 

150°W and 150°E), which is exactly the region where the CP El Niño-induced OLR 

anomalies are produced in the CMIP5 models. Errors in the OLR simulations in this region 

can more easily cause errors in the model simulations of the atmospheric response. This 

higher sensitivity of the atmosphere to the details of the El Niño-induced OLR anomalies 

can explain why it is more challenging for the CMIP5 models to simulate the US winter 

temperature response to the CP El Niño. Several other studies (Simmons et al. 1983; Ting 

and Sardeshmukh 1993; Johnson and Feldstein 2010; Lin et al. 2010) have also pointed out 

that the atmosphere is most sensitive to  forcing located near a nodal point at 120°E. Since 

the bulk of the OLR anomalies produced by the EP El Niño are located further away from 

this point (see Figure 4.6), the atmospheric response to this type of El Niño is thus less 

sensitive to how well the OLR anomaly patterns are simulated by the CMIP5 models. This 
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can also explain why the CMIP5 models are more capable of simulating the US winter 

response to the EP El Niño. 

We use Figure 4.8 to further support our suggestion that SST anomalies associated 

with the EP El Niño are more capable of weakening the Walker circulation than the SST 

anomalies associated with the CP El Niño. In this figure, the strength of the Walker 

circulation is represented by the 500mb vertical velocity difference between the equatorial 

 

Figure 4.8. Differences in the Walker Circulation Index during EP El Niño and CP El Niño for 

the CMIP5 models and the observations. The Walker Circulation Index (see text for its 

definition) is calculated from the regressed 500mb vertical velocity on the EP and CP indices. 

The bars are shown in units of Pascal/Second and are ordered from the smallest to the largest 

values of the index difference. There is no value for HadGEM2-CC due to its lack of 500mb 

vertical velocity output. 
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eastern (180°-100°W) and western (100°-150°E) regions of the Pacific ocean, in units of 

Pa/sec (Yu et al. 2012a). By regressing the Walker circulation strength to the EP and CP 

indices and by calculating the difference between them, we find that the observed 

difference (the black bar in Figure 4.8) is negative, which means that the strength of the 

Walker circulation is reduced more by the EP El Niño than by the CP El Niño. This stronger 

weakening effect is simulated by seventeen of the thirty CMIP5 models.  

We also present a simple case study to further illustrate that the OLR responses 

largely, if not totally, depend on the location (i.e., EP/CP) of the El Niño SST anomalies. In 

this case study, we compare the OLR anomalies observed during the peak phases of the 

1976 El Niño (in October) and the 2009 El Niño (in December). According to the 

“consensus El Niño methodology” presented in Yu et al. (2012b) using three different 

identification methods, the 1976 El Niño is an EP El Niño and the 2009 El Niño is a CP El 

Niño. As for the El Niño intensity, the 1976 EP El Niño event has a smaller maximum SST 

anomaly (1.8°C) than the 2009 CP El Niño event (2.5°C; see Figures 4.9a and b). For both 

events, OLR anomalies are observed over the Pacific between 5°S and 5°N (Figures 4.9c and 

d). However, the anomalies are more uniformly distributed across the basin for the 1976 

event but largest over the central Pacific around 180°W for the 2009 event. This case study 

is more-or-less consistent with our suggestion that the structure of the OLR response 

during El Niño events can be affected by the location of El Niño. 

 

4.6 Planetary Wave Patterns During the Two Types of El Niño 

Tropical heating is an important source of atmospheric Rossby wave (Sardeshmukh 

and Hoskins 1988). The vertical and horizontal structure of this heating largely determines 
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(a) SST anomalies in October, 1976

(b) SST anomalies in December, 2009

(c) OLR anomalies in October, 1976

(d) OLR anomalies in December, 2009

Figure 4.9. SST anomalies observed during the peak month of (a) the 1976 EP El Niño event 

and (b) the 2009 CP El Niño event. OLR anomalies in the corresponding months are shown in 

(c) and (d). Values are in units of ºC in (a) and (b) and in units of W/m
2
 in (c) and (d). 
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the natures of atmospheric Rossby wave.  Deep convective heating excites atmospheric 

Rossby waves that communicate El Niño influences to higher-latitude regions including the 

 

(a) PNA

(b) TNH

Figure 4.10. The 500mb GPH anomalies associated with (a) the PNA pattern and (b) the TNH 

pattern, obtained by the regressing the GPH anomalies onto the PNA and TNH indices. Values 

shown are in units of meters per standard deviation. 
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US. In the Northern Hemisphere, the first four leading rotated-EOF modes of 500mb GPH 

anomalies explain about 50% of the total variance during boreal winter (Mo and Livezey 

1986). Two of them are relevant to the wave trains excited by the two types of El Niño: one 

 

(a) CP Observation

(b) EP Observation

Figure 4.11. Regression patterns of 500mb winter (JFM) GPH anomalies on (a) the CP Index 

and (b) the EP Index, calculated from the observations. Values shown are in units of meters per 

standard deviation.  
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represents the PNA pattern and the other represents the TNH pattern. The spatial 

structures of these two patterns in the positive phase are shown in Figure 4.10 by 

regressing 500mb GPH anomalies separately on the PNA index and TNH index obtained 

from NOAA. The PNA pattern (Figure 4.10a) has four major centers of action: (1) positive 

anomalies in the tropical central Pacific near Hawaii; (2) a deepened and southward 

displaced Aleutian Low in the north Pacific; (3) positive anomalies in northwestern North 

America; and (4) negative anomalies in the southeast US. The TNH pattern (Figure 4.10b) 

also has four centers: (1) positive GPH anomalies along the Pacific coast of North America; 

(2) positive anomalies extending from the Caribbean Sea to the North Atlantic Ocean; (3) 

negative anomalies in east-central Canada; and (4) weak negative anomalies in the tropical 

central Pacific. As was mentioned in Chapter 2, the PNA pattern and the TNH pattern are 

not absolutely independent. The eastward-shifted PNA pattern highly resembles the 

negative TNH pattern. 

The observed wave train patterns associated with the two types of El Niño are 

shown in Figure 4.11, which were obtained by regressing the winter (JFM) 500mb GPH 

anomalies from the NCEP-NCAR reanalysis onto the CP and EP indices separately. As 

shown, the anomalies regressed on the CP El Niño exhibit a pattern that is similar to the 

PNA pattern (cf. Figures 4.11a and 4.10a). For the EP El Niño, its regressed anomaly pattern 

resembles most closely the negative phase of the TNH pattern (cf. Figures 4.11b and 4.10b), 

although some discrepancies exist. Here, we examine whether these two particular wave 

trains are also produced in the CMIP5 models for the two types of El Niño. Winter 500mb 

GPH patterns are regressed with EP and CP indices for the thirty CMIP5 models (not 

shown). We then calculated the pattern correlations (within a 15°N-65°N and 180°-60°W 
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domain) between the regressed GPH patterns and the observed PNA/TNH pattern shown 

in Figure 4.10. The obtained pattern correlations are shown in Figures 4.12 and 4.13. In 

these two figures, we display the correlations from the model that produces the most 

realistic US winter response to the EP El Niño  or CP El Niño  to the model that produces the 

(a) r (TNH), EP

(b) r (PNA), EP

Figure 4.12. Pattern correlations between the winter (JFM) 500mb GPH anomaly pattern 

regressed on the EP Index and (a) the TNH pattern and (b) the PNA pattern (see Figure 4.10), 

calculated for the CMIP5 models and the observations. The multi-model means (blue) are also 

shown. The bars are shown ordered from the model that produces the highest pattern correlation 

between the observed and modeled US winter air temperature regression pattern to the model 

that produces the lowest pattern correlation. The Correspondence between the letter codes and 

the names of the models can be found in Table 4.1. 
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least realistic simulation of the US winter response pattern. Figure 4.12 shows that the 

observed GPH response to the EP El Niño has a larger correlation with the TNH pattern 

than with the PNA pattern. Therefore, the atmospheric wave train excited by the EP El Niño 

in the observation resembles the negative phase of the TNH. Almost all (28 out of 30) the 

CMIP5 models correctly produce a negative pattern correlation with the TNH during their 

EP El Niño with the absolute value of the multi-model mean being close to 0.6, which is 

consistent with the fact that a majority of the CMIP5 models produce a realistic US winter 

temperature response to the EP El Niño. The pattern correlations with the PNA are in 

(a) r (TNH), CP

(b) r (PNA), CP

Figure 4.13. Same as Figure 4.12 but for the CP El Niño. 
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general smaller than the pattern correlations with the TNH. The multi-model mean of the 

pattern correlation with the PNA is about 0.2. 

As for the CP El Niño (Figure 4.13), the observed pattern correlation for the 

regressed GPH anomalies is larger with the PNA than with the TNH. As mentioned above, 

not all of the CMIP5 models are able to realistically produce the US winter response to the 

CP El Niño. It is interesting to note from Figure 4.13 that most (all but two) of the models 

correctly produce positive pattern correlation values with the PNA, with a multi-model 

mean of 0.5. However, the observed negative pattern correlation with the TNH is 

reproduced primarily by the models that produce more realistic simulations of US winter 

temperature response pattern to the CP El Niño (e.g., the leftmost 13 models in Figure 

4.13a). Among the rightmost seventeen models in Figure 4.13a that produce less realistic 

simulations of the US winter response to the CP El Niño, eleven of them produce positive 

pattern correlations with the TNH. For those models, the opposite TNH pattern becomes so 

large that it overwhelms the PNA pattern, degrading the model’s performance in simulating 

the US response to the CP El Niño. With an incorrect positive phase of the TNH, negative 

GPH anomalies are produced over a large part of the US that cancel out or even overcome 

the positive anomalies associated with the positive phase of the PNA. This is the case for 

CESM1-WACCM, for example (see Figure 4.4). Figure 4.13, therefore, indicates that it is the 

erroneous simulation of the TNH in the model atmosphere that prevents a number of 

CMIP5 models from correctly simulating the US winter temperature response to the CP El 

Niño. 

 

4.7 Conclusions 
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Using pre-industrial simulations produced by thirty CMIP5 models, we examined 

the relationships among El Niño SST forcing, OLR responses, atmospheric wave responses, 

and the US winter air temperature patterns for the two types of El Niño. Our primary 

conclusion is that the CMIP5 models are more capable of simulating the US winter 

temperature response to the EP El Niño than the response to the CP El Niño. This difference 

in model performance is shown to be related to differences in the spatial pattern of OLR 

anomalies induced by the two types of El Niño in the equatorial Pacific, as well as the 

differences in the atmospheric sensitivity to the locations of the OLR anomalies. The OLR 

response to the EP El Niño is shown to have a basin-wide structure, while the response to 

the CP El Niño tends to be confined in its longitudinal extent and to be located to the west 

of the associated SST anomalies. The OLR responses to the different types of El Niño is 

shown in a schematic plot (Figure 4.14). This local nature of the OLR response during the 

 

OLROLR SST SST

(a) EP El Niño (b) CP El Niño

Figure 4.14. Schematic plots of the OLR response to (a) the EP El Niño; and (b) the CP El Niño. 

(From Professor Jin-Yi Yu at UC Irvine) 
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CP El Niño makes the model atmosphere sensitive to the exact location of the SST (and 

therefore the OLR) anomalies simulated in the models. Also, the OLR anomalies induced by 

the CP El Niño are located more in the central-to-western Pacific, where the atmospheric 

response to tropical forcing is the most sensitive. Deep convection then transmits the El 

Niño influences to the continental US by exciting planetary atmospheric wave trains. While 

most of the CMIP5 models realistically produce a negative phase of the TNH in response to 

the EP El Niño and a positive phase of the PNA in response to the CP El Niño (i.e., 26 out of 

the 30 models, according to Figures 4.12a and 4.13b), many CMIP5 models also 

erroneously produce an incorrect phase of the TNH during CP El Niño events (i.e., 12 out of 

30 models, according to Figigure 4.13a). The incorrect TNH response overpowers the 

correct PNA response in some models, leading to unrealistic simulations of the US winter 

temperature response to the CP El Niño. A better understanding of the generation 

mechanisms of the TNH pattern and its sensitivity to tropical Pacific heating is required to 

improve the response to the CP El Niño in the CMIP5 models. Based on the fact that the 

TNH pattern is better simulated in the CMIP5 models during the EP El Niño (as shown in 

Figure 4.12a) but not well simulated during the CP El Niño (as shown in Figure 4.13a), it is 

plausible that the tropical OLR anomalies required to excite the TNH pattern may have to 

be of a basin-wide structure or have to be located more in the eastern-to-central Pacific. 

Further studies are needed. 

It is also important to note that the El Niño teleconnection pattern and the wave 

train response can be affected by both the tropical forcing and the climatological state. This 

study focuses on linking the teleconnection and the wave train response to tropical SST 
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forcing. A separate study is needed to link the teleconnections to differences in the 

climatological mean state.  

 

4.8 Postscript 

In this chapter, a regression-EOF method was used to analyze the SST data and 

separate the two types of El Niño in this chapter. It is worth studying the original SST data 

in the historical and preindustrial simulations. The temporal variability of SST in those 

simulations is also interesting to learn.  Also, a better alternative of Figures 4.10 and 4.11 

can be studying stream functions associated with the two types of El Niño at 200mb and at 

850mb. 

There are still some debates in what atmospheric teleconnection the EP El Niño can 

excite. The three major views are: (1) the EP El Niño excites a PNA wavetrain (e.g., Horel 

and Wallace 1981; Simmons et al. 1983); (2) the EP El Niño excites a eastward displaced 

PNA pattern (e.g., Christensen et al. 2013; Zhou et al. 2014); and (3) the EP El Niño excites a 

(negative) TNH pattern (e.g., Mo 2010; Yu et al. 2012b; Zou et al. 2014). It is worth 

mentioning that all these three views refer to the same physical pattern. Both PNA and TNH 

patterns have four centers of action. The height anomaly center of PNA in the tropical 

central Pacific is located near 20°N 175°W (Figure 4.10a), and that of TNH is near 20°N 

145°W (Figure 4.10b); the height anomaly center of PNA in the mid-latitude north Pacific is 

located near 50°N 170°W, and that of TNH is near 50°N 140°W; in North America, PNA has 

height anomalies centered near 55°N 120°W, and those of TNH are centered near 55°N 

90°W; the height anomaly center east of US is near 37°N 85°W for PNA and near 33°N 

60°W for TNH. From the comparisons above, one can easily get a conclusion that each of 
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the four TNH centers locates about 30 degrees longitude east of the corresponding PNA 

center. Hence, the so-called eastward-displaced PNA pattern highly resembles the TNH 

pattern in the Pacific-North American sector. The major difference between the wavetrain 

patterns associated with EP and CP is that, while the wavetrain refracts equatorwards after 

passing North America during the CP El Niño, it goes directly poleward without ever 

refracting back to lower latitudes during the EP El Niño.  

There are some questions yet to be answered. For example, how much is the US 

winter air temperature influenced by the two types of El Niño? How much can this 

wavetrain mechanism described in this dissertation explain El Niño’s impacts on US winter 

air temperatures? As positive SST anomalies can stay off Baja California coast during an CP 

El Niño event, whether the warmer-than normal weather in the Pacific Northwest is 

partially caused by this warm SST off Baja California is also an interesting point to study. 
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CHAPTER 5 

SUMMARY 

 

The big question this dissertation has aimed to answer is: what are the differences 

in how the two types of El Niño affect North American winter climate?  In order to address 

this question, we selected the US as an example to study.  The reasons why we select the US 

as a candidate are: (a) the US is located in the mid-latitude in the Northern Hemisphere, 

next to the Pacific Ocean where the El Niño occurs; (b) the US is also very close to Baja 

California, where the SST can be warmer than normal one year before the onset of an El 

Niño event; and (c) the typical peak time of El Niño events is in boreal winter, when the 

atmosphere in the Northern Hemisphere is most unstable and most sensitive to the tropical 

Pacific SST forcing. The US could thus be the most directly influenced of the mid-latitude 

regions by the El Niño phenomenon. In this dissertation, studies are conducted to examine 

US winter air temperature and precipitation responses to the two types of El Niño. 

In Chapter 2, we conducted statistical analyses with reanalysis data, numerical 

experiments with a forced AGCM and case studies of major El Niño events since 1950 to 

show that the impacts produced by the CP and EP types of El Niño on the US winter climate 

are very different. Our analyses show that, during EP El Niño events, positive winter 

temperature anomalies are concentrated mostly over the northeastern part of the US 

(particularly over the Great Lakes region) and negative anomalies are most obvious over 

the Southwestern states. During CP El Niño events, warm anomalies are located in the 

Northwestern US and cold anomalies are centered in the southeastern US. The US 
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temperature impact patterns are rotated by about 90 degrees between these two types of 

El Niño. The traditional view that El Niño produces a warmer-than-normal north and 

colder-than-normal south temperature contrast is thus a combination of effects produced 

by the two types of El Niño. These impact patterns are reproduced in the forced 

experiments performed with CAM4 from NCAR, in which the SST anomalies of the EP and 

CP El Niño were separately used to force the model in two different sets of ensemble 

experiments. These different impact patterns can also be identified from the strongest EP 

and CP El Niño events. Further analyses were conducted to show that the different impacts 

result from differing wave train responses in the atmosphere to the sea surface 

temperature anomalies associated with the two types of El Niño. While the CP El Niño is 

associated with a PNA atmospheric teleconnection pattern, the EP El Niño occurs 

concurrently with a negative TNH-like teleconnection pattern. This high/low GPH 

anomalies in wavetrain responses is consistent with the high/low air temperature 

anomalies in geographical location in North America. The sinking air in the regions with 

high GPH anomalies is adiabatically heated. The surface air temperature in that region thus 

gets warmer. The results of Chapter 2 has been reported in Yu et al. (2012b). 

In Chapter 3, we first performed regression analysis with reanalysis data, and AGCM 

experiments. Based on the results from the regression analysis and AGCM experiments, we 

selected four regions in the US for case study: the Pacific Northwest, Ohio-Mississippi 

Valley, Southeast, and Southwest. While both EP and CP El Niño cause a dry north – wet 

south precipitation pattern in winter in the US, our results showed that the CP El Niño 

increases the dry anomalies in the north and decreases the wet anomalies in the south that 

are caused by the EP El Niño over the US. Based on these findings, the increasing 
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occurrence of the CP El Niño in the recent decades may have contributed to the US drought 

conditions. Especially for the Ohio-Mississippi Valley, the CP El Niño causes much lower 

precipitation level than the EP El Niño does. The southward displacement of the polar jet 

stream is traditionally attributed to the dry north – wet south precipitation pattern during 

El Niño. The result of this southward displacement of polar jet stream is the weakening of 

the polar jet and the strengthening of the subtropical jet. Since the upper jet streams steer 

the lower storm tracks, the storm tracks also move with the jet streams, resulting in the 

drift of precipitation regions. Our analysis indicated that the more southward displacement 

of the polar jet stream during the CP El Niño is the reason of its enhanced drying effect. The 

results of Chapter 3 has been reported in Yu and Zou (2013). 

In Chapter 4, CMIP5 model simulations were analyzed to assess how well the two 

types of ENSO and their different impact patterns were simulated in the models. We used 

the preindustrial experiments of 30 models in our study. While the model outputs does not 

always have El Niño events, we use the regression–EOF method for every model to get its 

own EP and CP indices. Then we regressed variables onto the EP and CP indices to compare 

and contrast the impacts of the two types of El Niño to these variables. Using this method, 

we found out that the CMIP5 models can reproduce both types of El Niño in the SST pattern. 

The CMIP5 models simulate the US winter air temperature produced by the EP El Niño well, 

but they cannot simulate it well for the CP El Niño. The analysis of OLR indicates that the 

different atmospheric heating responses cause the different simulation performance during 

the two types of El Niño. While the basin-wide deep convection occurs from the eastern 

Pacific to the central Pacific during the EP El Niño, only a localized and case-sensitive deep 

convection occurs in the central or western Pacific during the CP El Niño. The CMIP5 
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models thus can simulate the atmospheric heating responses similarly for most models 

during the EP El Niño, but varied among models during the CP El Niño. This difference in 

atmospheric heating response leads to the difference in wavetrain responses. Although 

most CMIP5 models show a negative TNH pattern associated with the EP El Niño and a 

positive PNA pattern associated with the CP El Niño, many CMIP5 models erroneously 

produce an incorrect phase of the TNH during CP El Niño events. The incorrect wavetrain 

simulations during the CP El Niño result in not very good simulation for the US air 

temperature. On the other hand, the wavetrain simulations during the EP El Niño are 

constantly good. This results in good simulations of the US winter air temperature during 

the EP El Niño. The results of Chapter 4 has been reported in Zou et al. (2014, 2013, 2012). 

The findings obtained from this dissertation have some major implications for both 

the dynamic and forecasting aspects of ENSO research. Likely due to the ongoing global 

warming, more CP El Niño events have been observed in the recent two to three decades. 

Compared to the EP El Niño, the CP El Niño can bring warmer weather to the western US 

and colder weather to the eastern US. California winters may no longer be that cold during 

El Niño events. New York may experience more winter storms during a CP El Niño event 

than an El Niño event in the past. The orange growers in California may not need to worry 

about the cold winter during an El Niño event. Instead, the orange growers in Florida may 

be concerned more about the CP El Niño. Warm weather may prevail in Seattle, and the 

weather in Orlando may not be as warm as past El Niño years during the new CP El Niño. 

The overall drought condition in the US is likely to be deteriorated during the CP El Niño, 

especially in the Ohio-Mississippi river valley.  
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The increased occurrence of the CP El Niño in the past two decades has profound 

implications. First, since the thermocline depth does not change much during the CP El 

Niño as the EP El Niño does, there may be a reduced mesoscale activity off Peru during the 

CP El Niño (Dewitte et al. 2012). The mesoscale activity is normally related to the ocean 

upwelling off Peru during non-ENSO years. This will make the fisheries and agriculture 

near the South American coast less affected. Also, the subtropical regions will be more 

sensitive to El Niño events if the aforementioned relationship is true between the CP El 

Niño and the mean Hadley circulation. Finally, as is discussed in previous chapters, the 

emerging CP El Niño will have remote climate impacts very differently from the traditional 

EP El Niño. 

Also, the forecasting strategy that have been developed in the past few decades to 

predict the ENSO impacts on the US may have to be revised to account for the more 

frequent occurrence of the new type of CP El Niño. 

ENSO’s impact on the US winter climate is not linear (i.e., the impacts are not 

proportional to the ENSO magnitude). In our AGCM experiments to study US winter air 

temperature and precipitation, we prescribed SST with different magnitude of ENSO 

forcing, for both positive events (El Niño) and negative events (La Niña). I found that when 

ENSO changes, the atmospheric responses and climate impacts to the US do not necessarily 

enlarge, reduce or turn to the negative phase accordingly. For example, when the intensity 

of SST forcing for an ENSO event is doubled, the US air temperature and precipitation 

anomalies are not doubled; when the sign of the SST anomalies forced on the model is 

reversed, the US air temperature and precipitation anomalies are not the opposites. 
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The “diversity” of ENSO may be a better way to discuss different types (or locations) 

of ENSO. Considering the continuation of the ocean, it may not be very advisable to 

distinguish the type of ENSO by a fixed longitude.  
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CHAPTER 6 

Future Directions 

 

In this dissertation, we show that the number of CP El Niño events have increased 

over the past two decades. The CP El Niño has different generation mechanisms and 

climate impacts from the EP El Niño events. While they are beyond the scope of this 

dissertation, interesting future research questions include: (1) why the CP El Niño is 

becoming more common, (2) how models can improve the simulations and predictions of 

the CP El Niño and its global impacts, (3) whether the Southern Hemisphere has similar 

wavetrain responses as in the Northern Hemisphere, and (4) whether warming off the 

coast of Baja California can aid in the predictability of the global impacts of CP El Niño 

events.  

  

6.1 Why Is the CP El Niño Becoming More Common? 

Due to the short record of reliable observational data, it is not currently possible to 

use observational-based datasets to investigate the decadal or multi-decadal variability of 

the CP El Niño. The recent increasing occurrence of CP El Niño events may be caused by 

anthropogenic forcing (Yeh et al. 2009; Kim and Yu 2012), but the effect of natural 

variability cannot be excluded (Yeh et al. 2011; Yu et al. 2015). Through an analysis of all 

CP El Niño events from 1880 to 2010, Pascolini-Campbell et al. (2014) argued that the 

intermittent appearance of the CP El Niño events is indication that multi-decadal natural 

climate variability plays a large role in CP El Niño variability.   
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The increasing occurrence of the CP El Niño in recent years may be partially 

ascribed to a change in climate regime in the early 1990s (Yu et al. 2015). While the phase 

change of the PDO in mid-1970s is commonly linked to increased occurrence of El Niño 

(Mo 2000), the later increase in occurrence of the CP El Niño is still not a commonly 

accepted explanation of the early 1990s’ phase change. Yu et al. (2015) provided an 

explanation of the emerging CP El Niño by linking the phase change of AMO to the rapid 

strengthening of PMM in the early 1990s. They showed that the switch of the AMO to its 

positive phase in the early 1990s can cause a stronger subtropical high over the Pacific 

Ocean. The strengthened subtropical high enhances the background trade wind over the 

Pacific Ocean, which then intensifies the WES feedback and leads to a stronger PMM. As 

mentioned in Chapter 1, a strong PMM helps to excite CP El Niño events in the tropical 

Pacific. Yu et al. (2015)’s study did not provide a physical explanation of why the AMO can 

intensify the Pacific subtropical high. Therefore, this is one possible direction for future 

research. 

Changes of Hadley circulation activities can also influence the occurrence of the CP 

El Niño. As shown in Yu et al. (2010) and in Chapter 4 (Zou et al 2014), the generation of 

the EP El Niño is related more to the strength of the mean Walker circulation, while the 

generation of the CP El Niño is more related to the strength of the mean Hadley circulation. 

Ma and Yu (2014) also showed that a stronger mean Hadley circulation enhances the WES 

feedback and thus leads to a stronger Central Pacific warming. However, as the climate 

warms, the Hadley circulation is suggested to be widened (Levine and Schneider 2011) and 

weakened (Seo et al. 2014), which is not in favor of the CP El Niño. It is worth examining 

the role of the mean Hadley circulation in affecting the occurrences of the CP El Niño under 
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climate change: whether a weakened mean Hadley circulation can suppress or enhance CP 

El Niño occurrence. 

 

 

 6.2 What Processes Are Needed to be Understood to Improve the Prediction of 

Future El Niños?  

Since the CP El Niño is harder to predict and simulate by climate models (Zou and 

Yu 2013; Pegion and Alexander 2013), the prediction of El Niño and its impacts to global 

climate will become more challenging in the 21st century given that CP El Niño may become 

more common. The key to improving the model performance in CP El Niño prediction is a 

better understanding of the precursors of the two types of El Niño. Especially, warming in 

the tropical central Pacific can be caused by both the PMM and the SFM. Both PMM and 

SFM represent extra-tropical forcing. The relationship between the PMM and the SFM is, 

however, still in debate. Some studies argue that PMM is related to SFM (Wang et al. 2012), 

while some argue that they are two different mechanisms and are driven by different 

atmospheric circulations (Pegion 2014) . The mechanisms that drive PMM are yet not fully 

understood (Pegion 2014). The SFM can be affected by many factors, including NPO, 

monsoon, background trade winds, the Hadley circulation, stochastic atmospheric forcing, 

AMO and some others. With a better understanding of PMM, SFM and those other ENSO 

precursors and their relationships, climate models should be able to better predict the 

initial warming off Baja California, better simulate the WES feedback, and improve their 

prediction ability of the CP El Niño.  
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6.3 How Does the Southern Hemisphere Respond to the Two Types of El Niño? 

The atmosphere in the Southern Hemisphere is likely to respond to El Niño 

differently because the Southern Hemisphere has a different sea-land distribution from the 

Northern Hemisphere and the typical peak time of El Niño is in the austral summer instead 

of winter. Three specific questions are interesting to address: (1) How do the Southern 

Ocean and Antarctica respond to the two types of El Niño?  (2) How are these two types of 

El Niño different in influencing the Southern Hemisphere climate?  (3) Whether or not the 

response in the Southern Hemisphere is symmetric to that in the Northern Hemisphere and 

why?    

The three leading EOF modes of GPHs in Southern Hemisphere are the SAM, PSA1 

and PSA2. A 11-year running correlation analysis is performed among the PCs of these 

three modes and the EP and CP indices during the JJA (June, July, August) season. The 

resulting correlation coefficients are shown in Figure 6.1. The figure shows dramatic 

changes of the correlations in the mid-1970s, early 1990s and mid-2000s. In Figure 6.1a, 

for example, in around 1975, the correlation between PC1 (i.e., SAM) and EP El Niño (the 

red line) changed its phase from negative to positive, and the correlation between PC2 (i.e., 

PSA1) and EP El Niño (the blue line) became weak; in around 1990, PC1 (i.e., SAM) and EP 

El Niño became highly correlated (the red line); in around 2005, the EP El Niño became 

hardly correlated with any of the three PCs (i.e., SAM, PSA1 and PSA2). The correlations 

between the three PCs (i.e., SAM, PSA1 and PSA2) and the CP El Niño have similar changes 

(Figure 6.1b).  These changes are concurrent with the time that AMO and PDO switched 

phases and the PMM strength intensified. These consistencies suggest that the AMO and 

PDO can also influence the Southern Hemisphere variability. It is also possible that the 
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relationships between ENSO and the three Southern Hemisphere modes may change when 

the ENSO shift from the EP type to the CP type. The causes of the three  changes and their 

relationship with the changes of teleconnections in the Northern hemisphere are also a 

possible subject of future research direction. 

 

6.4 What is the Role of the Warming Off Baja California in Determining the Global 

Impacts of the CP El Niño? 

The warming off Baja California appears several seasons before the onset of a CP El 

Niño event (e.g., Yu et al. 2010). However, at the peak phase of the CP El Niño, the Baja 

California warming may still exist in some CP El Niño events but disappear in other events. 

This raises a concern that the climate impacts observed during the peak phase (i.e., during 

(b) CP 

  

(a) EP 

Figure 6.1 11-Year JJA (June, July, August) running correlation between the three leading modes 

of GPH in the Southern Hemisphere and (a) EP Index; and (b) CP Index. 
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boreal winter)of the CP El Niño is solely caused by the warming in the central Pacific or is 

also caused by  the warming off Baja California. In particular, Baja California is so close to 

the west coast of North America, so the CP El Niño’s impacts on US climate may be very 

different between the events that have the Baja California warming and the events that 

don’t.  

The SST variations off Baja California, representing the regional air-sea coupled 

phenomenon, were recently studied and termed as “California Niño/Niña”  (Yuan and 

Yamagata 2014). Yuan and Yamagata indicated that California Niño/Niña has smaller 

temporal (i.e., 1-2 seasons) and spatial (i.e., costal ocean) scales than the well-known ENSO. 

They separated the California Niño/Niña in summer from the California Niño/Niña in 

winter. They argued that the California Niño/Niña in boreal winter is accociated with 

broadly-extended coastal SST anomalies and is an extra-tropical trigger of ENSO. The 

California Niño/Niña in summer relates more to the Bjerknes feedback compared with the 

one in winter. The interannual SST anomalies off Baja California associated with California 

Niño/Niña needs further investigation. 

It might be advisable to group the CP El Niño events according to whether or not 

they have the warm SST anomalies off Baja California during the peak phase of the events. 

The climate role of Baja California warming during the CP El Niño could be one interesting 

subject of future research. 
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