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ABSTRACT 

This dissertation explores the role of El Niño  Southern Oscillation (ENSO) in 

modulating the mean state and annual cycle in the tropical eastern Pacific. In the first part, 

characteristics of the tropical climate mean state, annual cycle, and ENSO along with their 

associated essential mechanisms are introduced. On the one hand, the tropical Pacific mean 

state is critical to determine the preferred location of maximum sea surface temperature 

(SST) variability associated with ENSO. The eastern equatorial Pacific (EEP) permits an 

effective air-sea coupling on the interannual timescale, leading to ENSO growth. On the 

other hand, the impact of the mean state on ENSO can also be inferred from its phase 

locking to the annual cycle. 

To understand the capability of ENSO in modulating the climate state over the tropical 

eastern Pacific, the second part with observational analysis reveals that the linear ODH 

associated with ENSO has a considerable amplitude. However, its impact on the long-term 

SST is small due to changing signs between El Niño  and La Nina phases. The nonlinear 

oceanic dynamic heating (ODH) exhibits a consistent sign during warm and cold episodes, 

but its weak amplitude limits its cumulative effect on the mean SST. As for thermodynamic 

processes, surface heat flux shows weak effects, with downward longwave radiative 

heating offsetting the net shortwave radiative heating. In the third part, the OGCM 

numerical experiments confirm the observational findings, indicating a modest 

rectification effect of ENSO on the mean state. 

In the fourth part, the modulation effect of ENSO on the annual cycle is investigated 

in the equatorial eastern Pacific by applying the analytical heat budget model. The analysis 
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reveals that ENSO primarily modulates the annual cycle through ODH processes, including 

anomalous temperature advection by the mean vertical and meridional currents, anomalous 

zonal advection associated with the geostrophic current, and anomalous upwelling induced 

vertical advection. Thermodynamic processes induced by ENSO also exert modulation 

effects, with downward longwave radiative flux reinforcing the ocean dynamic impact and 

surface latent heat flux offsetting it. These ENSO impacts on the EEP annual cycle persist 

from fall to winter and weaken during spring. 

Overall, the rectification effect of ENSO on the mean SST in the tropical eastern 

Pacific is found to be moderate. However, ENSO exhibits a significant impact on the 

annual cycle, primarily through ODH processes. The relationships between ENSO, mean 

state, and annual cycle are analyzed using a quantitative diagnostic methodology. 
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Chapter 1. Introduction  

 

1.1 Tropical Mean Climate in the Eastern Pacific 

It is known that the Pacific Ocean is the largest and deepest of Earthôs five oceanic 

divisions, which separates Asia and Australia from the Americas. In the tropical equatorial 

Pacific, there exists a significant zonal asymmetry with a warm pool in the west and a cold 

tongue in the east (Figs.1.1a and b). The warm pool is a large area of the Pacific Ocean 

near the equator that is characterized by warm SSTs typically exceeding 28 degrees Celsius 

and abundant rainfall. The warm pool is caused by a combination of factors, including 

intense solar radiation and weak winds in the region, which allow the ocean to absorb and 

retain heat. In contrast, the cold tongue is a narrow band of cold water that stretches along 

the equator in the eastern Pacific Ocean. This area is characterized by SSTs that are usually 

5 to 7 degrees Celsius cooler than those in the warm pool. The cold tongue, on the other 

hand, is caused by upwelling through which cold waters from the deep ocean can be 

brought to the surface, and by the steady trade winds, which blow across the ocean surface 

from east to west. 

Moreover, the observed main characteristics of the mean climate over the tropical eastern 

Pacific are denoted by a remarkable asymmetry relative to the equator, with abundant 

rainfall and the intertropical convergence zone (ITCZ) residing north of the equator, and 

cold SST tongue at and south of the equator (Figs.1.1a and b), even though the only external 

forcing is solar radiation, which is symmetry about the equator for long-term mean. In 
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addition, since the long-time averaged SST is the warmest to the north of the equator, 

atmosphere winds and ocean currents have northward components at the equator.  

  

 

 

Figure 1.1 (a) Patterns of global annual mean precipitation (mm/day), and (b) SST (C) averaged 

during 1979-2012 (Source: Global Precipitation Climatology Project (GPCP) monthly 

precipitation and Hadley Centre Sea Ice and Sea Surface Temperature data (HadISST), 

respectively). (c) Time evolution of zonal wind stress to the west (4S-4 N, 130 -110 W) and 

meridional wind stress to the north (0-8 N, 120 -100 W) of the Pacific cold tongue and SST at 

the cold tongue (4S-4 N, 104 -86 W) (From Mitchell and Wallace 1992). 
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Another interesting feature of the mean state in the tropical eastern Pacific is the 

annual cycle of SST and wind fields (Fig.1.1c). While the solar radiative forcing at the top 

of the atmosphere is dominated by a semiannual (6 months) period as the sun crosses the 

equator twice a year, the observed SST and surface winds both exhibit a significant 12-

month period, with cold tongue strongest in autumn while weakest in spring. Besides, 

Mitchell and Wallace in 1992 found that as time progresses, north-south SST gradients 

increase from May to August and so do the cross-equatorial flows and the antisymmetric 

components of sea level pressure (SLP) and outgoing longwave radiation (OLR) fields. 

Therefore, the observational analysis implies that the cold tongue development experiences 

a positive feedback loop between the atmospheric and oceanic antisymmetric modes, that 

is, an antisymmetric SST pattern induces cross-equatorial winds, which may further 

strengthen the north-south SST gradient (Li and Hsu 2018). 

1.2 Air-Sea Interactions that Shape the Mean State 

Several previous studies proposed some excellent theories that illustrate the 

mechanisms that shape the tropical mean climate in the eastern Pacific from both dynamic 

and thermodynamic perspectives. The main idea behind those theories is that air-sea 

interactions favor the most unstable growth of an antisymmetric mode.  

In 1994, Chang and Philander considered a simple coupled air-sea model with the 

atmospheric component as the Lindzen-Nigam model, and the ocean component as a 

simplified Cane-Zebiak model. And the eigenvalue analysis of their simple coupled model  
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Figure 1.2 Schematic diagrams illustrating processes involved in (a) the meridional 

windïupwellingïSST feedback and (b) the windïevaporationïSST feedback. Contours 

and vectors in (c) show the annual mean stratus cloud amount and the amplitude/phase 

of the annual cycle of the stratus cloud (with downward/westward indicating 

July/October maximum) (From Li 1997a).  
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indicates two unstable modes: the first mode has an antisymmetric structure relative to the 

equator, and the second mode has an equatorially symmetric structure. Their study has 

proved that atmosphere-ocean interaction favors mostly the equatorially antisymmetric 

mode because the growth rate of the first mode is greater than the second one. Besides, 

they have demonstrated how the antisymmetric modes can convert symmetric conditions 

into the observed asymmetric climate states, with the increasing rate at which these 

antisymmetric modes amplify initial perturbations and destroy symmetric conditions as the 

thermocline depth decreases. Therefore, the modes are effective in the eastern tropical 

Pacific where the thermocline is shallow. 

Furthermore, a theory proposed by Chang and Philander 1994 focusing on positive 

dynamic air-sea feedback among meridional wind, ocean upwelling, and SST (Fig.1.2a) is 

referred to as the ñmeridional wind-upwelling-SSTò feedback (Li 1997a). The mechanism 

can be addressed as follows: when there is an initial weak antisymmetric SSTA forcing, a 

meridional wind anomaly will be induced, and then drives the oceanic Ekman currents, 

which have a maximum meridional component at the equator where Coriolis force vanishes, 

while the oceanic Ekman currents far away from the equator have smaller meridional 

component because the deflection of Coriolis force. Therefore, the meridional component 

of the oceanic Ekman current will lead to surface divergence or convergence, and thus 

upwelling or downwelling depending on the initial antisymmetric SSTA forcing 

distribution. So that the asymmetric vertical velocity can advect cool water up or the warm 

water down to further strengthen the initial antisymmetric SST perturbation, leading to a 

positive feedback cycle.  
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In addition to the essential dynamic air-sea feedback, there are two types of 

thermodynamic air-sea feedback. The ñwindïevaporationïSSTò feedback was originally 

proposed by Neelin et al. (1987) in studying a prominent atmospheric low-frequency 

oscillation, the MaddenïJulian oscillation (MJO). Xie and Philander (1994) further applied 

the theory in studying the ITCZ asymmetry problem. For the wind-evaporation-SST 

feedback (Fig. 1.2b), the essence is the background wind distribution. With steady basic-

state easterlies over the tropical eastern Pacific, suppose initially there is a positive SST 

perturbation to the north of the equator, in response to this warming SST forcing, westerlies 

(easterlies) wind anomalies are generated to the south (north) of the SST perturbation, 

resulting in reduced (enhanced) evaporation and therefore positive (negative) time change 

rate for SST. In other words, the meridional SST gradients create atmospheric pressure 

gradients that intensify the winds (Lindzen and Nigam 1987), and those gradients are 

further magnified when the evaporative cooling is strong at the ocean surface in regions 

where the winds are most intense away from the equator. As a result, the SST perturbation 

intensifies and propagates equatorward, however, the strong oceanic upwelling (extremely 

cold SST tongue) induced by mean easterlies near the equator suppresses and prevents 

further movement of the atmospheric convection. 

Although this coupled ocean-atmosphere model has demonstrated that the mixing in 

the upper layer of the ocean and evaporation from the surface of the ocean, two processes 

that depend on the speed of the total wind, play similar roles in contributing to the 

asymmetry. Such a model has a flaw because it is a vital fact that easterly winds are 

strongest at the equator and decrease off-equator in the real world, the evaporative cooling 

may have the same or even stronger effect on the equatorial side when atmospheric 
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processes are dominant considering the total wind speed, which may further prevent the 

convection moving to the equator in addition to the strong ocean upwelling. 

The other thermodynamic feedback is ñstratus cloud-radiation-SSTò feedback (Li and 

Philander 1996; Philander et al. 1996) which involves the positive feedback between the 

low-level marine stratus cloud and SST. As is known that the convective clouds favor the 

warm waters in the western Pacific, however, the eastern Pacific is favorable for the 

formation of the low-level stratus clouds over cold water due to the presence of temperature 

inversion, and these stratus clouds have a seasonal variation with maximum values in 

September when SST is the lowest (Fig. 1.2c). Because the low-level stratus clouds are 

thicker when the SST is lower due to the larger static stability of the lower atmosphere, and 

the increased clouds shield the ocean from shortwave radiation and cause even lower SST. 

Note that Li and Philander 1996 applied an empirical formula in accordance with 

Reedôs (1977) expression to depict the effect of stratus clouds on reducing shortwave solar 

radiation. The observation datasets nowadays concerning shortwave radiations at the 

surface are mostly from reanalysis products. However, in most climate models nowadays, 

problems still exist concerning the underestimation of cloud cover and overestimation of 

cloud reflectivity, particularly for tropical low-level marine stratus clouds, which is known 

as an essential influential factor that determines shortwave radiative heating on the ocean 

surface (e.g., Klein et al. 2013; Nam et al. 2012). Therefore, caution should be taken when 

applying reanalysis datasets or theoretical models of surface shortwave radiation and 

associated low-level marine stratus clouds, especially in the tropical eastern Pacific. 
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Figure 1.3 (a) Surface wind vectors as calculated by an atmospheric GCM in which the 

specified SSTs vary only with latitude and correspond to those observed along the 

dateline with idealized coastal geometries. The length of the arrows represents the 

surface wind speeds, and their directions are those of the winds. The arrow at the bottom 

corresponds to an eastward wind of 5 Í Ó  (From Philander et al. 1996). The simulated 

(b) SST (C) and (c) surface wind fields from the hybrid coupled GCM in the presence 

of the dynamic coupling, the wind-evaporation feedback, and the low-level stratus cloud-

SST feedback (From Li 1997a). 

(a)  

(b)  

(c)  
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In the real world, the asymmetric geographical feature on the earth also plays a crucial 

role in selecting the northern hemisphere for warmer SST and more precipitation (i.e., 

ITCZ residing north of the equator). An atmospheric general circulation model (GCM; 

GFDL R30 model) was used to explore this hypothesis (Philander et al. 1996; Li 1997a). 

To understand the sole effect of the asymmetric land mass and coastal geometry, they 

specified a symmetric SST relative to the equator as the model lower-boundary condition, 

and the annual mean insolation is specified at the top of the atmosphere, which is also 

symmetric about the equator. 

In fact, the importance of the titled coast in initiating the climate asymmetry was 

demonstrated by Philander et al. 1996 with a specified idealized western coast of the 

Americas (Fig. 1.3a). From a meteorological point of view, the change in coastal geometry 

is of little consequence. However, from an oceanographic point of view, a significant 

change has occurred where the trade winds to the north of the equator are perpendicular to 

the coast, and those to the south are parallel to the coast. Such alongside currents are 

associated with offshore Ekman drift and thus coastal upwelling, therefore, the resultant 

lowering of SST will be more pronounced south than north of the equator. The simple 

coupled model of Chang and Philander (1994) indicates that air-sea interactions can rapidly 

amplify modest initial perturbations into realistic climate asymmetries relative to the 

equator in regions where the thermocline is shallow. 

Furthermore, Li 1997a has proved that it is the surface wind field accompanied by the 

coastal geometry coupling to the ocean that sets up a north-south asymmetry in SST. 

Because of the tilt of the American coast, the trade winds to the south of the equator are 

parallel to the coast, resulting in strong upwelling along the coast and cool SST there. Once 



10 
 

this initial weak SST asymmetry is established, the air-sea feedbacks mentioned above 

could further amplify the equatorial asymmetry, finally reaching the observed strength and 

causing asymmetries in the atmosphere and ocean (Figs. 1.3b and c).  

To sum up the formation of the tropical eastern Pacific climate mean state, in addition 

to the essential role of the titled Coastal Geometry for initiating the climate asymmetry in 

the eastern Pacific, the SST and precipitation north-south asymmetry, or the preferred 

longitudinal location of ITCZ asymmetry, is mainly determined by the climatological mean 

thermocline depth at the equator, that is because air-sea interactions are most active in the 

region where mean thermocline is shallow.  

1.3 Annual Cycle at the Equatorial Eastern Pacific 

Despite the north-south asymmetry, the eastern Pacific displays a distinguished 

annual periodicity of SST and wind fields at the equator while the incoming solar radiative 

forcing at the top of the atmosphere is dominated by a semiannual (6 months) period as the 

sun crosses the equator twice a year. The observed SST and surface wind both exhibit a 

marked 12-month period, with the cold tongue being strongest in September and weakest 

in March (Fig.1.1c).  

In 1996, Li and Philander constructed a simple air-sea coupled model in which the 

annual state is prescribed, and the model is forced by time-dependent solar radiation at the 

top of the atmosphere to address the physical mechanisms that contribute to the interesting 

annual cycle phenomenon. It has been confirmed that the asymmetric mean state and an 

annual harmonic antisymmetric component of seasonally varying solar radiation forcing 
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associated with the tilting of Earthôs axis are essential in causing the annual cycle. Although 

being zero at the equator, the antisymmetric annual-harmonic solar forcing can induce an  

 

Figure 1.4 Seasonal variations of SST at 0, 100 W in three cases. The SST is 

determined strictly by evaporation in the case of the dotted line, by evaporation and 

oceanic upwelling in the case of the solid line, and by evaporation, upwelling, and the 

presence of low-level stratus clouds in the case of the dashed line. The heavy black line 

corresponds to the observed variations. In all three cases, a realistic timeïmean state that 

is asymmetric about the equator is specified; the model is forced by part of annually 

varying solar radiation that is strictly antisymmetric about the equator; and the western 

coast of the Americas coincides with a meridian (From Li and Philander 1996).  

 

antisymmetric SST anomaly and further drives cross-equatorial winds (via ñmeridional 

wind-upwelling-SSTò feedback), leading to the SST change at the equator through 

anomalous temperature advection and heat fluxes. In their coupled model, the northward 

winds at the equator exhibit strong intensity towards the end of the northern summer and 

weaken towards the end of the southern summer. Due to the surface evaporation resulting 

from these winds, the SST near the equator is low in August and September, and high in 

March and April, resulting in an annual cycle. The amplitude of this cycle is moderate, but 

it can be enhanced by considering the dynamic response of the ocean to the winds. The 

intense northward winds would induce upwelling and low SST at and to the south of the 
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equator. The effect of low-level stratus clouds can further amplify this cycle because these 

cloud formations are due to cold surface waters, which cause an atmospheric inversion and 

reinforce it by further cooling the surface waters.  

Fig.1.4 illustrates the relative effects of the abovementioned processes. In addition to 

the asymmetric mean state, the annual cycle in solar radiation associated with the ellipticity 

of the Earthôs orbit and the asymmetry relative to the equator, along with air-sea 

interactions and feedback associated with low-level marine clouds, contribute to the annual 

cycle of SST at the equator in the eastern Pacific. 

1.3 Impact of Tropical Pacific Mean Climate on ENSO 

The equatorial eastern Pacific is also a unique region in the global ocean with a 

pronounced mode on the interannual timescale, namely El Niño Southern Oscillation. It is 

the most energetic interannual variation of the climate system on Earth in the tropical 

Pacific, with unusual large-scale oceanic surface anomalies in the EEP (Rasmusson and 

Carpenter 1982), and significant environmental and societal impacts worldwide (Philander 

1990). This phenomenon is known as ocean-atmosphere coupling and involves the 

oscillation of SST and atmospheric pressure over the equatorial Pacific on a 2-7-year 

timescale. El Niño refers to the warm phase of the oceanic component of ENSO, whereas 

La Niña is the cold phase. These phases are identified by significant SST anomalies with 

warming or cooling occurring in the EEP (Rasmusson and Carpenter 1982; Philander 1983). 

While the oceanographic phenomenon El Niño was first discovered by Peru fishing men 

in the late nineteenth century, an atmospheric phenomenon known as Southern Oscillation, 

which describes a pressure seesaw between Darwin and Tahiti, was discovered by Gilbert 
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Walker in 1924. Originally, the study of the Southern Oscillation from a meteorological 

perspective and the investigation of El Niño from an oceanographic perspective were 

conducted separately. However, Bjerknes (1969) was the first to propose that these were 

actually two aspects of the same phenomenon. From an atmospheric standpoint, the 

pressure fluctuations associated with the Southern Oscillation are caused by anomalous 

SST forcing in the equatorial Pacific. On the other hand, from an oceanic viewpoint, the 

anomalous wind forcing responses to the pressure fluctuations create the SST anomaly 

pattern observed during El Niño . This circular reasoning suggests that the interaction 

between the ocean and the atmosphere plays a crucial role.  

Through atmospheric teleconnections, which are linkages of climate anomalies at 

some distance away from the heat source region in the central or eastern equatorial Pacific, 

ENSO influences extratropical climate patterns over North America and Asia (e.g., 

Ropelewski and Halpert, 1987). The adverse effects of the ENSO on human health also 

received much attention worldwide (Glantz, 2001). The very strong El Niño of 1982ï1983 

was responsible for the loss of nearly 2,000 lives and displacement of hundreds of 

thousands from their homes. Droughts and bush fires in Australia, South Africa, Indonesia, 

Philippines, India, and South America caused these losses. In the meantime, there were 

floods in the USA, South America, and Cuba. More tropical cyclones (TCs) than usual 

affected Hawaii and Tahiti, which were not hurricane-prone regions (e.g., Sadler 1983; 

Chu and Wang 1997; Chu 2004). The 1997ï1998 El Niño was among the strongest events 

in history. In fact, the 1982ï1983 and 1997ï1998 El Niño are the two strongest events in 

the twentieth century, and the 2015ï2016 is the strongest by far in the twentieth-first 

century. Because of droughts, floods, famine, and disease, the death toll associated with 
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the 1997ï1998 El Niño was more than 20,000 resulting from this event around the world. 

ENSO also influences marine ecosystems, agricultural production, public health, and other 

human activity (Fig.1.5) (Chu and Murakami 2022). 

The tropical climate state is a primary factor in determining an atmosphere-ocean 

coupled stability for the ENSO system (Li 1997b; An and Jin 2000; Fedorov and Philander 

2000; An et al. 2020). Previous studies that have shed light on the relationships between 

the tropical eastern Pacific mean state and ENSO are introduced in this section. 

 

Figure 1.5 Public health impacts of the 1997-1998 El Niño  event. Credit: NOAA-OGP. 

 

It has been shown that the Pacific mean state, with a pronounced cold tongue (warm 

pool) to the east (west), a zonally tilting thermocline structure with a strong vertical mean 

temperature gradient to the east, is critical in determining the preferred location of 

maximum SST variability associated with the ENSO (Philander 1990; Li and Hsu 2018). 
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While the annual mean solar radiation is zonally symmetric, the east-west asymmetry of 

the Pacific mean climate arises from the forcing of trade winds caused by the rotation of 

the Earth and is amplified by various positive ocean-atmosphere feedbacks (Philander et 

al. 1996; Li 1997a). The east-west asymmetry in the mean SST field is accompanied by 

pronounced easterlies at the equator, as part of the mean Walker Circulation, and strong 

mean upwelling and zonal and vertical temperature gradients in the eastern and central 

equatorial Pacific, all of which permit an effective air-sea coupling on the interannual 

timescale in the eastern equatorial Pacific, leading to the ENSO growth (Fig. 1.5). The 

positive feedbacks relevant here include zonal advective feedback and Ekman-pumping-

induced upwelling feedback (Li 1997b). 

The impact of the mean state on ENSO can also be inferred from its phase locking to 

the annual cycle (Rasmusson and Carpenter 1982; Galanti and Tziperman 2000; An and 

Wang 2001; Chen and Jin 2020): El Niño events usually start in boreal spring, grow during  

  

Figure 1.6 Schematic diagram to illustrate atmospheric and oceanic circulation at the 

equatorial plane during the climatological mean condition (left) and anomalous 

atmospheric and oceanic circulation (right) during the El Niño  (Images are from the 

NOAA website at http://www.pmel.noaa.gov/elnino/what-is-el-nino. Credit: NOAA). 

 

http://www.pmel.noaa.gov/elnino/what-is-el-nino
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the summer and autumn, reach their maximum intensity in winter and decay rapidly during 

late winter and spring (Fig. 1.6a), and so does La Niña event (Fig. 1.6b). It has been noted 

that the mature stage of ENSO often occurs in northern winter (DJF). This seasonal 

synchronization of ENSO translates into the observed eastern equatorial Pacific SSTA 

variance peaking during boreal winter and attaining minimum values during spring 

(Timmermann et al. 2018), which implies that ENSO may be modulated by the 

climatological annual cycle, as SST in the eastern equatorial Pacific exhibits a remarkable 

 

Figure 1.7 Composite temporal evolutions of MLTAs (unit: °C) for selected (bar) and 

all (green curve) El Niño  (a) and La Nina (b) events. Red bars represent El Niño  (La 

Nina) developing phase, blue bars represent El Niño  (La Nina) decaying phase, and 

orange bars represent El Niño  transition (La Nina re-intensification) phase. Selected El 

Niño  cases include 1982ï1983, 1991ï1992, 1994ï1995, 1997ï1998, 2002ï2003, 2004ï

2005, 2006ï2007, and 2009ï2010 events, and selected La Nina cases include 1983ï

1984, 1995ï1996, 1998ï1999, 2007ï2008, and 2010ï2011 events (From Chen et al. 

2016). 
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annual cycle with its amplitude comparable to ENSO. But how does the seasonal cycle 

play a role in the physical mechanisms that lead to the ENSO phase locking to the end of 

the calendar year? 

 

 Tziperman et al. (1997) investigated the mechanisms of seasonal-ENSO interaction 

by using the Zebiak and Cane ENSO prediction model. And it has been found that the most 

dominant seasonal effect is due to the wind divergence field, as determined by the seasonal 

motion of the ITCZ, through its effect on atmospheric heating. The next-order seasonal 

effects are due to the seasonality of the background SST and ocean upwelling velocity 

Table 1.1). However, even in this simplified model, the mechanisms of seasonal-

interannual interaction are not simple to isolate.  From the viewpoint of equatorial ocean 

Table 1.1 Summary of model runs used in Tziperman el al. 1997. 
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waves (Tziperman et al. 1998), the explanation is based on incorporating a seasonally 

varying coupled ocean-atmosphere instability strength into the delayed oscillator 

mechanism for the ENSO cycle. It is shown in Fig. 1.7 that the seasonally varying 

amplification of the Rossby and Kelvin oceanic waves by the coupled instability forces the 

ENSO events to peak when this amplification is at its minimum strength, at the end of the 

calendar year.  

 

  

 

 

Figure 1.8 An event from the solution of the delayed-oscillator equation marked by h(t), 

together with the seasonally varying coupling coefficient marked by ə. The curve marked 

KW is of the Kelvin wave term; RW denotes the Rossby wave term; d denotes the 

dissipation; the curve marked RW + d is the sum of the Rossby and dissipation terms. 

The x-axis is in months. 



19 
 

Li (1997b) addressed a season-dependent coupled instability mechanism to explain the 

phase locking feature that the ENSO growth rate is maximum (minimum) in September 

(March), which implies that eastern Pacific SSTA grows rapidly in northern fall and 

reaches a maximum value in northern winter (Fig. 1.8a). After that, the SSTA starts to 

decay. The cause of the season-dependent coupled instability is primarily attributed to the 

annual cycle of background mean upwelling velocity and background mean SST gradient, 

both of which retain a maximum value in northern fall, when the cold tongue is strongest 

Li and Hsu 2018 further proved this with an annual mean background state specified model 

running for 1000 years. Fig. 1.8b illustrates the number of occurrences of the peak El Niño  

phase when a seasonally varying background state is given, and the El Niño peak phase 

occurs more frequently in northern winter (DJF), which is consistent with the observation. 

So far, to explain the ENSO phase locking feature, in addition to the season-dependent 

coupled instability (Li 1997b; Tziperman et al. 1997, 1998), mechanisms concerning the 

effect of El Niño induced easterly anomalies in association with the occurrence of an 

anomalous anticyclone in the western Pacific (Wang et al. 1999), and the nonlinear 

interaction between ENSO and the annual cycle (Jin et al. 1994; Tziperman et al. 1994; 

Chang et al. 1994; Stein et al. 2010, 2014) could be responsible as well.  
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Figure 1.9 (a) Growth rate (solid curve) and frequency (dashed curve) of the ENSO 

mode calculated based on the simple coupled model as a function of the specified climate 

mean state (from January through December) (From Li 1997). (b) Occurrence of the El 

Niño  peak phases at each month when an observed background mean state (including 

mean upwelling velocity, mean zonal SST gradient, and mean ocean stratification) was 

specified in the model of Li (1997b). The model was integrated for 1000 years. 

 

(a)  

(b)  
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1.5 Research Objective 

As known that the mean state SST pattern in the eastern Pacific exhibits a meridional 

asymmetry with warmer (cooler) temperature to the north (south) of the equator. The 

equatorial cold tongue and its attendant frontal zone show a strong seasonality and is 

strongest in September/October and weakest in March/April. Each El Niño  (La Niña) event 

has its own characteristic onset and demise time, duration, evolution pattern, magnitude 

and location of maximum warming, propagation direction, and so on. Although each 

episode behaves differently, there is a tendency for the maximum amplitude of major 

events to occur near the end of the calendar year, so it is phase-locked to the annual cycle. 

As a dominant interannual variability in the tropical Pacific, is ENSO capable of 

modulating the climate state over the tropical eastern Pacific? There were some empirically 

based studies to address this problem. 

For instance, a residual due to El Niño and La Niña amplitude asymmetry during their 

mature phase was suggested to play a role in modulating the tropical Pacific decadal 

variability (e.g., Sun and Yu 2009; Ogata 2013), but such a hypothesis is faulted as the 

asymmetry at one-time level cannot determine the outcome of the long-term average result. 

Note that observed SST anomalies in the equatorial eastern Pacific exhibit a marked 

asymmetric evolution between El Niño and La Niña (Chen et al. 2016). While El Niño is 

characterized by a rapid decay after its peak and a fast phase transition to a cold episode in 

the following winter, La Niña often persists to the second and even third year (Ohba and 

Ueda 2007; Okumura and Deser 2010; Choi et al. 2013; DiNezio and Deser 2014; An and 

Kim 2018), so that despite the large interannual variability and amplitude asymmetry, the 
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combined effect of ENSOôs warm and cold phases on the mean state might vanish 

considering their differences in evolutions. 

A possible process through which the ENSO modulates the mean state is through a 

nonlinear rectification effect (Sun and Zhang 2006; Liang et al. 2012; Sun et al. 2014; Hua 

et al. 2015). Kessler and Kleeman (2000) proposed the concept of nonlinear rectification 

in examining the nonlinear ocean dynamical impact on ENSO by MJO-related high-

frequency wind fluctuations. With the aid of a simple low-order nonlinear model, Liang et 

al. (2012) found that the Pacific mean state, particularly cold tongue mean SST, could be 

significantly modulated by enhanced ENSO variability under global warming. They 

indicated that the rectification arose from nonlinear advective processes. While the result 

from the simple box model is interesting, it is worth mentioning that the procedure 

regulating the SST in the model is too simple. Two boxes described the equatorial western 

and eastern Pacific SST change. The model's only nonlinear advective processes regulating 

the eastern (western) Pacific SSTA are vertical (zonal) advection. Therefore, it is necessary 

to develop a new strategy to reveal the ENSO nonlinear rectification effect on the mean 

state from an observational analysis perspective and an idealized coupled general 

circulation modeling perspective. 

ENSO, on the other hand, may exert a great impact on the annual cycle (Gu and 

Philander 1995). It has been shown that the annual cycle tends to be weaker during the El 

Niño periods and stronger during the La Niña periods (Gu and Philander 1995; Xie 1995). 

Gu and Philander (1995) hypothesized that such an ENSO impact on the annual cycle is 

through the change of the mean thermocline depth and the strength of trade winds. For 

example, during the warm phase of ENSO, the mean thermocline depth becomes deeper, 
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which may lead to weaker dynamic atmosphere-ocean feedback. However, Chang and 

Philander (1994) and Li and Philander (1996) showed that the annual cycle is affected 

primarily by oceanic mixed-layer processes, so the ENSO-induced thermocline change 

may have a minor impact on the annual cycle. So far, specific processes through which 

ENSO affects the annual cycle in the eastern equatorial Pacific remain to be explored. 

From the above discussion, it is inspiring that the mean climate and ENSO over the 

tropical eastern Pacific can interact with each other, but the understanding of the upscale 

feedback, which can also be indicated as a rectification effect, is limited and elusive. The 

overall objective of this dissertation research is to reveal the role of ENSO in modulating 

the climate state, aiming to deepen our current understanding of the relationship between 

the multi-scale interactions and improve the capability of the state-of-art global climate 

models in predicting the future climate state and associated ENSO variability. 

The main dissertation research is organized as follows. Chapter 2 explores the role of 

ENSO on the mean state stage. To re-visit the question of to what extent ENSO may rectify 

the tropical eastern Pacific mean state, a simple analytical heat budget model has been 

constructed to clarify the ENSO nonlinear rectification effect on the mean state from an 

observational diagnostic perspective. The main results concerning the differences between 

the period mean states with and without ENSO variability in the real-world observation are 

presented. To further examine the ENSO impact, idealized numerical modeling 

experiments with OGCM have been applied in Chapter 3. In Chapter 4, a reconstruction of 

the analytical model between two steady states has been utilized to unveil the specific 

dynamic (i.e., three-dimensional temperature advection in the oceanic mixed layer) and 

thermodynamic (i.e., surface heat fluxes) processes through which ENSO influences the 
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equatorial eastern Pacific annual cycle. Chapter 5 summarizes the results and discusses the 

remaining open questions associated with this dissertation research.  
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Chapter 2. Investigation of ENSO Impact on the Mean State in 

an Analytical Model 

 

2.1 Abstract 

The role of the El Niño -Southern Oscillation (ENSO) in modulating the mean sea 

surface temperature (SST) in the tropical eastern Pacific is investigated in Chapter 2. A 

strategy is developed to separate the observational record from 1958 to 2010 into two 

groups as two steady states, which are ENSO and non-ENSO periods. Following Zhang 

and Li 2014, a simple analytical heat budget framework is constructed to quantitatively 

delineate the contributions of oceanic dynamic heating (ODH) and surface heat fluxes to 

rectifying the mean SST.  

It is found that the differences in the mean SST between the two periods are evident, 

though minor, despite distinctive interannual SST variabilities. Both linear and nonlinear 

ODH, as well as surface heat fluxes, contribute to this slight mean SST difference. 

Although the amplitude of the linear ODH associated with ENSO is large, its impact on 

the long-term mean SST is small because the sign of its contribution changes between El 

Niño  and La Niña phases. The nonlinear ODH, on the other hand, has the same sign during 

the warm and cold episodes, which may potentially rectify the mean state. However, its 

accumulated effect on the mean SST is small due to its weak amplitude. 

  



26 
 

2.2 Introduction  

As discussed in the previous section, ENSO is the most energetic interannual variation 

of the climate system on Earth, with a significant impact on the environmental and society 

worldwide (Philander 1990). The tropical Pacific experiences strong fluctuations in SST 

and surface winds, which are the defining characteristics of ENSO (Rasmusson and 

Carpenter 1982). The ENSOôs growth is driven by positive feedbacks between ocean and 

atmosphere (Bjerknes 1969; Philander et al. 1984; Hirst 1986, 1988; Li 1997b), while its 

oscillation is the result of a delayed oscillator involving equatorial ocean waves (Schopf 

and Suraze 1988; Battisiti and Hirst 1989) and a recharge oscillator involving variations in 

the zonal mean thermocline (Jin 1997; Li 1997b).  

The stability of the atmosphere-ocean coupling in the tropical climate state is a crucial 

determinant of the ENSO system (Li 1997b; An and Jin 2000; Fedorov and Philander 2000; 

An et al. 2020). For instance, studies have demonstrated that the mean state is essential in 

determining the preferred location of maximum SST variability associated with ENSO in 

the eastern and central equatorial Pacific, where the mean upwelling and zonal and vertical 

temperature gradients are very strong, favoring the effective air-sea coupling on the 

interannual timescale and thus ENSOôs growth. 

As a dominant interannual variability in the tropical Pacific, how ENSO may 

modulate the Pacific mean state remain elusive. There were some empirically based studies 

to address this problem as described in the previous section. Note that a possible process 

through which the ENSO modulates the mean state is through a nonlinear rectification 

effect (Sun and Zhang 2006; Liang et al. 2012; Sun et al. 2014; Hua et al. 2015). However, 
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questions remain unsolved whether the ENSOôs rectification really has a significant impact 

on the mean state in the real world as well as in the climate models. Therefore, in this 

chapter, the impact of ENSO on the mean state has been investigated to deepen our 

understanding of the quantitative role of ENSO-induced influences from both dynamic and 

thermodynamic aspects with observational analysis. 

The remaining part of this chapter is organized as follows.  Chapter 2.3 describes the 

observational data used in this study and the observational analysis strategy. The main 

results concerning the differences between the period mean states with and without ENSO 

variability in the real-world observation are presented in Chapter 2.4. Discussion and 

conclusions are provided in Chapter 2.5. 

2.3 Data and Methods 

2.3.1 Observational datasets 

Observational data used for the current study include Ocean Reanalysis System 5 

(ORAS5) (Zuo et al. 2019), the fifth-generation atmospheric reanalysis ERA5 (Hersbach 

et al. 2018), the Simple Ocean Data Assimilation (SODA) (Carton and Giese 2008), 

version 2.2.4 products (SODAv2.2.4). These datasets contain the three-dimensional ocean 

current and temperature fields (the vertical currents are calculated by the oceanic continuity 

equation), surface atmospheric wind, temperature, geopotential height, specific humidity 

fields, and surface radiation and heat flux fields, with the period from the year 1958 to 

2010. The ORAS5, which is a product of the global eddy-permitting ocean-sea ice 

ensemble (5 members) reanalysis-analysis system, has an interpolated horizontal resolution 

of 1° by 1° in the tropics and 75 vertical levels with a 10-m resolution in the upper ocean,  



28 
 

while the ERA5 has a regular global lat-lon grid of 0.25 degrees for the reanalysis and 

hourly temporal resolution. The SODA dataset has a 0.4° by 0.25° horizontal resolution 

and 40 vertical levels with 10-m spacing in the upper ocean.  

In addition, surface heat flux products such as surface net shortwave radiation, surface 

downward longwave radiation, and surface latent and sensible heat fluxes that are 

calculated with near-surface specific humidity and temperature and sea level pressure are 

from NOAA-CIRES 20th Century Reanalysis (20CRv2) (Whitaker et al. 2004; Compo et 

al. 2011), which are used for comparison with the ERA5. This dataset provides the first 

estimates of global atmospheric fields from 1871 to the present at a 6-hourly temporal 

interval and 2° spatial resolution. Intercomparisons with independent radiosonde data 

indicate that the reanalysis is generally of high quality (Compo et al. 2011). 

As for SST datasets, the Extended Reconstructed Sea Surface Temperature version 5 

(ERSST V5) (Huang et al. 2017) from the US National Climate Data Center (NCDC), with 

a horizontal resolution of 2° by 2°, and HadISST (Rayner et al. 2003) from the Met Office 

Table 2.1 El Niño  and La Nina event years classified by NOAA, Hadley SST, and 

ERSSTv5 from 1958 to 2018. Years after 2010 are in parentheses. Bold highlights the 

years defined as El Niño  or La Nina events based on all scenarios. 
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Hadley Centre Sea Ice and SST dataset, with a horizontal resolution of 1° by 1°, are used, 

covering the period from 1958 to 2019.  

2.3.2 A simple analytical heat budget model with two steady states 

The role of ENSO on the mean state, especially the impact of ENSO-induced 

nonlinear ocean heating, may be assessed directly through an observational analysis. Here 

we develop a strategy to evaluate the relative roles of ENSO-induced ocean dynamics (i.e., 

three-dimensional temperature advection) and surface heat fluxes in rectifying the mean 

state by separating two steady states, an ENSO state and a normal (non-ENSO) state. An 

ENSO state contains all ENSO years (i.e., 31 years out of 52 years, from ERSSTv5, Table 

2.1) defined according to the NOAA definition (events are defined as five consecutive 

overlapping 3-month periods at or above the +0.5° anomaly for El Niño events and at or 

below the -0.5° anomaly for La Niña events based on the running 3-month mean SST 

anomaly for the Niño-3.4 region). The SST anomalies are based on the long-term mean of 

1958-2010 instead of centered 30-year base periods updated every five years. An ENSO 

year is defined from May 1 (or July 1) of its developing year to April 30 (June 30) of its 

decaying year.  

Assume that both the ENSO year (31 years) group and the normal (non-ENSO) year 

(21 years) group are approximately in a steady state (i.e., their respective long-term SST 

tendencies vanish), one may derive the following balance between the ocean dynamics 

effect (‏Ὀ  and the net surface heat flux effect ( ‏ὗ : 

ὗ‏                                                  Ὀ‏ π,                                                         (2.1) 
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where ‏ denotes the time-mean difference between the ENSO state and the non-ENSO 

state, the first term on the left-hand side denotes the difference of the net surface heat flux 

that consists of five components as follows:  

ὗ‏                                ὗ‏ =  ὗ‏ ὗ‏ ὗ‏  ὗ,                               (2.2)‏

where  ὗ  denotes net shortwave radiation,  ὗ  and ὗ  are upward and downward 

longwave radiation,  ὗ   is surface latent heat flux, and  ὗ  is surface sensible heat flux. 

The difference in the upward longwave radiation at the ocean surface can be 

approximately written as  

ὗ‏                                                  τ„Ὕ  Ὕ,                                                           (2.3)‏

where an overbar denotes the climatological mean state during 1958-2010 and Ὕ denotes 

the sea surface temperature. 

Surface latent and sensible heat fluxes may be calculated using the following bulk 

formulas, following Xie et al. (2010) and Zhang and Li (2014): 

ὗ ”ὒὅὠή ή  

                ”ὒὅὠή ὙὌή  

                                                                 ”ὒὅὠρ ὙὌὩ ή ,                                        (2.4) 

ὗ ”ὅὅὠὝ Ὕ  

                                                              ”ὅὅὠɝὝ,                                                                       (2.5)                                  
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where ” is surface air density, ὒ is the latent heat of evaporation and ὅ is the specific 

hear capacity at constant pressure, ὅ and ὅ are the heat exchange coefficients of ὗ  and 

ὗ  respectively, ὠ is surface wind speed, RH is surface relative humidity, and ɝὝ denotes 

the difference between sea surface temperature Ὕ and near-surface air temperature Ὕ. The 

Clausius-Clapeyron equation has been applied to derive Eq. (4), ÌÎή Ⱦή ὒ Ὕ

Ὕ ȾὙὝὝ , where ή  is saturated specific humidity of surface air, ‌ ὒȾὙὝὝ, Ὑ 

is the ideal gas constant for water vapor. 

The surface latent heat flux difference term may be further decomposed to two terms, 

with the first term being relevant to SST change: 

ὗ‏
‬ὗ

‬ή

‬ή

‬Ὕ
 Ὕ‏ 

                                                                         ‎ὗ Ὕ  ȟ‎‏  ὒȾ ὙὝ ,                                  (2.6) 

and the second term being a residual, reflecting atmospheric processes 

ὗ‏                                                                 ὗ‏ ὗ‏  Ȣ                                                        (2.7)  

Similarly, the sensible heat flux difference term can be separated to the following two terms: 

ὗ‏
‬ὗ

‬ɝὝ

‬ή

‬Ὕ
 Ὕ‏ 

                                                                         ‎ὠ ‏Ὕȟ‎  ”ὅὅ  ,                              (2.8)         

and 
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ὗ‏                                                               ὗ‏ ὗ‏  .                                                         (2.9)  

By substituting each of the flux terms into Eq. (2.1), the difference of long-term mean 

SST between the two states (i.e., ENSO and non-ENSO states) can be expressed as 

Ὕ‏                            
 

ȟ                                                (2.10) 

where the denominator ὃ  τ„Ὕ ‎ὗ ‎ὠ is the function of the climatological 

mean state. By diagnosing the relative contributions of five terms in the numerator based 

on the observations, one may determine to what extent the mean SST difference between 

the ENSO state and the normal state is determined by the difference of various heat flux 

terms (i.e., ‏ὗ ὗ‏ , ὗ‏ ,  and ‏ὗ ) and oceanic dynamics ‏Ὀ , latter of which 

consists of linear and nonlinear temperature advective processes. Through the diagnosis of 

Eq. (2.10), one may quantitatively estimate the effect of nonlinear temperature advection 

associated with the ENSO on rectifying the mean state. 

If we consider sea water as an incompressible fluid in the model, the oceanic 

temperature advection term  Ὀ  in Eq. (2.10) may be expressed as: 

                                                          Ὀ  ”ὅὬ╥Ͻ♩Ὕȟ                                                              (2.11) 

where ” ρ ρπËÇÍϳ is the density of water, ὅ τ ρπ*ȾËÇ+ϳ  is the specific 

heat of water, Ὤ σπά is used to approximate the climatological mixed-layer depth in the 

eastern equatorial Pacific,  ╥ όȟὺȟύ  represents the 3D ocean current, ♩ ‬Ⱦ‬ὼȟ‬Ⱦ

‬ώȟ‬Ⱦ‬ᾀ denotes the 3D gradient operator.  
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To highlight the rectification effect of interannual variability, here we decompose the 

velocity and temperature fields into three components, ╥ ╥╬ ╥░ ╥►, ╣ ╣╬ ╣░

╣►  , where subscript c stands for the climatological mean annual cycle component, 

subscript i denotes the interannual component, and subscript r denotes the residual 

component. Hereafter Ὀ ╥Ͻ♩Ὕ stands for nonlinear dynamic heating, Ὀ ╥Ͻ

♩Ὕ ╥Ͻ♩Ὕ  represents linear dynamic heating, Ὀ ╥Ͻ♩Ὕ  represents the 

climatological mean temperature advections, and Ὀ  ╥Ͻ♩Ὕ ╥ Ͻ♩Ὕ ╥ Ͻ

♩Ὕ ╥Ͻ♩Ὕ ╥Ͻ♩Ὕ  represents the sum of the residual component related advective 

terms. Therefore, the sum of all terms above represents the total oceanic dynamic heating 

(ODH) as Ὀ Ὀ Ὀ Ὀ Ὀ . The Butterworth bandpass with a period of 1-to-

8-year filter was applied to extract the interannual component from the original time series 

at each grid point. 

 

 
 
 

Figure 2.1 (a) Time series of Nino-3.4 index with red and blue lines (circles) denoting 

El Ni¶o and La Nina years, and black indicating normal years with one year defined 

from May (0) to April (+1) (July (0) to June (+1)). (b) Is the same as (a), except the data 

is from Hadley SST.  

(a) NINO-3.4 1958-2010  

(b) NINO-3.4 1958-2010  

ERSSTv5 

Hadi 

(b) NINO-3.4 1958-2010  Hadi 
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It is worth mentioning that the quasi-equilibrium state approximation for the ENSO 

and non-ENSO states is validated based on the observational analysis shown in Table 2.2. 

The period-mean SST tendencies during the 31 ENSO and 21 normal years are close to 

zero, respectively. 

2.4 Observational Diagnosis 

This section intends to reveal to what extent the ENSO may impact the mean state 

from an observational diagnosis perspective. The simple equilibrium state model is used to 

diagnose the role of each of the dynamic and thermodynamic terms in Eq. (2.10) in 

modulating the mean state difference between the ENSO and normal year groups. Figs. 2.1 

a-b display the Nino 3.4 index (5 S-5 N, 170 W-120 W) time series from 1958 to 2010 

with SST data from ERSSTv5 and Hadley respectively for comparison. Although the 

interannual variabilities in terms of SST in those two datasets are consistent, slight 

differences exist due to the data bias so that the classified ENSO years based on different 

SST datasets are also different according to the same definition (as seen in Table 2.1). 

Table 2.2 Period-mean SST (C) and SST tendency (C/year) in the EEP region from 

ERSSTv5 span 1958 to 2010.  

 

 
 

Table 2 Period-mean SST (°C)  and SST tendency (°C /year) in the EEP region from ERSSTv5 

span 1958 to 2010. 

 
All  

(52 years) 

NOML  

(21 years) 

ENSO 

(31 years) 

El Niño  

(15 years) 

La Niña  

(16 years) 

Period Mean  

SST  
26.52  26.51  26.53  27.38 25.73 

Period Mean 

 SST Tendency  
-0.05 -0.02 0.01 0.04 -0.01 
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According to the definition from NOAA, from 1958 to 2009, 31 ENSO and 21 normal 

(hereafter NOML) years are found from ERSSTv5, and 32 ENSO and 20 NOML years 

from Hadley SST (Table 2.1, Fig. 2.2). The ENSO years contain 15 El Niño years and 16 

La Niña years for ERSSTv5, and their average values for each year over EEP are shown in 

Figs. 2.2a and c with different one-year definitions. While for Hadley SST, the ENSO years 

contain 17 El Niño years and 15 La Niña years with its yearly variations shown in Figs. 

2.2b and d, which are slightly different from the event years classified by ERSSTv5, but 

their defined event years overall are close to those defined by NOAA (Table 2.1). To 

clearly show the difference in the SSTA variability between the two steady states, Figs. 

2.3a and b illustrate the maps of the SSTA standard deviation during each of the two 

 

 

Figure 2.2 (a-b) Are yearly averaged SSTA (C, from May (0) to April (+1)) in the 

eastern equatorial Pacific (EEP, 4S~4 N, 180 ~90 W) with SST data from ERSSTv5 

and Hadley SST, respectively. Red bars are for El Niño  years, while blue and gray bars 

for La Nina and normal years. (c-d) Are the same as (c-d), except the yearly averaged 

SSTA is from July (0) to June (+1).  
 

(a) EEP SSTA 1958-2009  (b) EEP SSTA 1958-2009  ERSSTv5 Hadi 

One year: MAY(0)-APR(+1)  One year: MAY(0)-APR(+1)  

One year: JUL(0)-JUN(+1)  One year: JUL(0)-JUN(+1)  
(c) EEP SSTA 1958-2009  (d) EEP SSTA 1958-2009  ERSSTv5 Hadi 
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periods. The interannual SSTA variability is much greater (at least three times larger) in 

the ENSO years than in the NOML years. 

 

Despite the distinctive interannual variabilities between the ENSO and NOML 

periods, the period-mean SST in the tropical Pacific is quite similar. Table 2.2 lists the 

period-mean SST averaged over the EEP during the entire 52-yr period, 21 NOML years, 

and 31 ENSO years, respectively. Whereas the mean SST during El Niño and La Niña 

years exhibit a 2°C difference, the mean SST values during the ENSO and NOML years 

are almost identical, implying that the ENSO rectification effect on the mean state is very 

weak. The details of the period-mean SST differences between ENSO and NOML years 

are further shown in Fig. 2.4.  Although there is a positive SST difference over the 

concerned EEP region, the amplitude is small, ranging from 0.16 to 0.52 according to the 

 

Figure 2.3 Horizontal distributions of the standard deviation of SSTA during the (a) 

ENSO and (b) NOML years. A black box denotes the EEP region. 
 

(a) ENSO  

(b) NOML  

ERSSTv5 SSTA_STD  

ERSSTv5 SSTA_STD  
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event years classified by ERSSTv5, Hadley SST, and NOAA (with ensemble SST) span 

1958 to 2018 in both situations where one year is defined from May (0) NOAA (with 

ensemble SST) span 1958 to 2018 in both situations where one year is defined from May 

(0) to April (+1) and from July (0) to June (+1). The horizontal patterns in Fig. 2.5 display 

the fact that the SST differences between ENSO and NOML years differ according to 

different scenarios due to the data bias and definitions, however, the SST differences in 

EEP indeed exist but with a minor amplitude, indicating the moderate impact from 

interannual variabilities. 

By diagnosing Eq. (2.10) with observational data, one may reveal the relative role of 

the ocean dynamics and surface heat fluxes in contributing to the mean SST difference.  

 

Figure 2.4 (a) The difference in period-mean SST (unit: °C) between the ENSO and 

NOML years along the equatorial region (averaged 4°S~4 N) from 120E to 88W span 

1958 to 2010, with one year defined from May (0) to April (+1) and blue, brown, and 

red lines denote the ENSO and NOML years that are classified by ERSSTv5, Hadley 

SST, and NOAA (ensemble SST) respectively. (b) Is the same as (a), except that one 

year is defined from July (0) to June (+1). (c-d) Are the same as (a-b) but with a period 

from 1958 to 2018.  

 

 

 

 
 

 
Fig.2. (a) The difference in period-mean SST (unit: °C) between the ENSO and NOML years along the 

equatorial region (averaged 4S~4 N) from 120E to 88 W span 1958 to 2010, with one year defined from 

May (0) to April (+1) and blue, brown, and red lines denote the ENSO and NOML years that are classified 

by ERSSTv5, Hadley SST, and NOAA (ensemble SST) respectively. (b) is the same as (a), except that one 

year is defined from July (0) to June (+1). (c-d) are the same as (a-b) but with a period from 1958 to 2018. 

(e-j) are the period-mean SST spatial differences span 1958 to 2010. A black box denotes the EEP region. 

(a) ENSO  NOML 1958- 2010  SST  

One year: MAY(0)- APR(+1)  

One year: MAY(0)- APR(+1)  
SST  

SST  

SST  

(b) ENSO  NOML 1958- 2010  

(c) ENSO  NOML 1958- 2018  (d) ENSO  NOML 1958- 2018  

One year: JUL(0)- JUN(+1)  

One year: JUL(0)- JUN(+1)  

(e) ENSO  NOML SST (f) ENSO  NOML SST ERSSTv5 

(g) ENSO  NOML SST (h) ENSO  NOML SST 

(i) ENSO  NOML SST (j) ENSO  NOML SST 

ERSSTv5 

NOAA ERSSTv5+Hadi 

Hadi Hadi 

One year: MAY(0)- APR(+1)  

One year: MAY(0)- APR(+1)  

One year: MAY(0)- APR(+1)  

One year: JUL(0)- JUN(+1)  

One year: JUL(0)- JUN(+1)  

One year: JUL(0)- JUN(+1)  
NOAA ERSSTv5+Hadi 
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Ocean data from ORAS5, SODA, and atmosphere data from ERA5 and 20CRv2 from 1958 

to 2010 are compared. Fig. 2.6 shows the longitudinal distribution along the equator of the 

mean SST difference between the ENSO and NOML years and contributions from 

individual five terms displayed on the right-hand side of Eq. (2.10). The solid black curves 

in Figs. 2.6a-c and g-i show the observed mean SST difference between the ENSO and 

NOML years, whereas the black dash curves represent the mean SST difference diagnosed 

by different terms on the right-hand side of Eq. (2.10). By comparing the observed and  

 

 

 

Figure 2.5 The period-mean SST spatial differences between ENSO and NOML year 

composite under different scenarios with different SST datasets spanning 1958 to 2010. 

Left column presents one-year definition from May (0) to April (+1), while right column 

presents one-year definition from July (0) to June (+1). A black box denotes the EEP 

region. 

(a) ENSO  NOML SST (b) ENSO  NOML SST 

(c) ENSO  NOML SST (d) ENSO  NOML SST 

(e) ENSO  NOML SST (f) ENSO  NOML SST 

One year: MAY(0)-APR(+1)  

One year: MAY(0)-APR(+1)  

One year: MAY(0)-APR(+1)  

One year: JUL(0)-JUN(+1)  

One year: JUL(0)-JUN(+1)  

One year: JUL(0)-JUN(+1)  

ERSSTv5 ERSSTv5 

Hadi Hadi 

NOAA ERSSTv5+Hadi NOAA ERSSTv5+Hadi 
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Figure 2.6 (a-c) Longitudinal distributions of observed (solid black) and estimated (dash 

black, based on Eq. 10) period-mean SST differences along the equator (4°S~4°N). 

Colored lines show the contributions from five individual terms in Eq. (10). Oceanic and 

atmospheric datasets are from ORAS5 and ERA5. (d-f) Same as (a-c) except for the 

averaged values in the EEP box (4°S~4°N, 180°~90°W). (g-l) Same as (a-f), except the 

oceanic and atmospheric datasets are from SODA and 20CRv2.   

 

 

 

 

 
Figure 3. (a-c) Longitudinal distributions of observed (solid black) and estimated (dash black, based on Eq. 10) period-

mean SST differences along the equator (4 S~4 N). Colored lines show the contributions from five individual terms in 

Eq. (10). Oceanic and atmospheric datasets are from ORAS5 and ERA5. (d-f) Same as (a-c) except for the averaged 

values in the EEP box (4 S~4 N, 180 ~90 W). (g-l) Same as (a-f), except the oceanic and atmospheric datasets are from 

SODA and 20CRv2.  

(a) ENSO  NOML  ERSSTv5 Def. NOAA Def. (b) ENSO  NOML  Hadi Def. 

OCN Data: ORAS5; ATM Data: ERA5  

(c) ENSO  NOML  

(d) ENSO  NOML  EEP (e) ENSO  NOML  EEP EEP (f) ENSO  NOML  

(g) ENSO  NOML  

OCN Data: SODA; ATM Data: 20CRv2  

ERSSTv5 Def. (h) ENSO  NOML  (i) ENSO  NOML  

(j) ENSO  NOML  (k) ENSO  NOML  (l) ENSO  NOML  

Hadi Def. NOAA Def. 

EEP EEP EEP 
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estimated, one can conclude that the simple analytic model can reproduce the observed 

mean SST difference well in general. Besides, the SST difference values of each term 

averaged over the EEP box (τ3ͯτ.ȟρψπͯωπ7) are displayed as Figs. 2.6d-f and j-l. 

These values are generally small (less than 0.25), primarily when the ENSO state is defined 

by ERSSTv5, which indicates that all dynamic and thermodynamic processes contribute 

equally to the mean SST difference.  

Within the dynamic and thermodynamic terms, the relatively more significant 

contributing factors are surface net shortwave radiation and surface downward longwave 

radiation, and they tend to cancel out each other. The oceanic dynamic heating (i.e., 3D 

temperature advection) is weak. The following sections are going to further address the 

impacts from thermodynamic and dynamic perspectives, respectively. 

2.4.1 Features from a thermodynamic perspective 

To further understand the opposite effect of surface net shortwave and longwave 

radiative heating from the perspective of thermodynamics, we compared the spatial 

patterns of SST, net surface shortwave radiation, downward longwave radiation, and total 

cloud cover anomalies associated with El Niño and La Niña composites in Figs. 2.7a-f. 

Their linear relationships with the cloud cover and SST fields explain the horizontal 

patterns of the radiative fluxes.  

For El Niño, the warm SSTA in the equatorial Pacific (Fig. 2.7a) is accompanied by 

more cloud cover, which, on the one hand, reduces downward shortwave radiation and, on 

the other hand, increases downward longwave radiation (Figs. 2.7b-c). A mirror image 

appears for the La Niña composite (Figs. 2.7d-f). The overall impact of the combined El  
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Figure 2.7 Horizontal patterns of (the first column) SST (°C, from ERSSTv5), (the 

second column) surface net shortwave radiation (shaded, W/Í ) and total cloud cover 

(contour, %), (the third column) surface downward longwave radiation (shaded, W/Í ) 

and total cloud cover (contour, %) (Radiation and total cloud cover datasets are from 

ERA5) for El Niño, La Niña, ENSO and NOML year composites. 
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Niño and La Niña on the mean state is shown in the third row of Fig. 2.7. Their net effect 

is a weak positive SST difference in the EEP (Fig. 2.7g) and consequently, the accumulated 

net impacts of the shortwave and longwave radiations are similar to those in El Niño 

conditions but with weaker amplitudes (Figs. 2.7h-i). It is interesting because the number 

of El Niño years (15) is less than that of La Niña years (16). Nevertheless, the accumulated 

effect of El Niño years on the mean SST is slightly more significant than the La Niña 

accumulated effect. Interestingly, the period-mean SST, shortwave, longwave radiative 

flux, during the NOML years, with the climatological mean values removed, are small and 

have approximately the same patterns as those of the ENSO years but with the opposite 

sign (Figs. 2.7j-l). 

 

 

Figure 2.8 Horizontal patterns of oceanic dynamic heating (C/month, from ORAS5) 

for (a) El Niño , (b) La Nina, (c) ENSO, and (d) NOML year composites. 

(a) El Ni o  ODH (b) La Nina  ODH 

ODH ODH (c) ENSO  (d) NOML 



43 
 

2.4.2 Impact of oceanic dynamic heating 

For the ODH fields, Figs. 2.8a and b depict expected positive (negative) heating over 

the equatorial Pacific for El Niño (La Niña) composite with the large-value center located 

at the east. While the accumulated ODH fields for ENSO and NOML years are both 

negated and show inversed signs (Figs. 2.8c and d).  

Despite distinctive SSTA variabilities during the ENSO and non-ENSO years, the 

effect of the ODH, particularly nonlinear oceanic dynamic heating, on the mean SST 

remains essentially the same. To explore the effect from ODH, we decomposed ODH into 

four components. Fig. 2.9 shows the time series of the total ocean temperature advection 

(or ODH) term and its decomposed nonlinear ODH term Ὀ , linear ODH term Ὀ , 

climatological ODH term Ὀ  and residual term Ὀ  averaged over the EEP from 1958 to 

2010. Note that the total ODH oscillates around the climatological annual cycle component 

Ὀ Ȣ Their long-term average has a negative value, implying that the ocean dynamics play  

 

 

Figure 2.9 Time series of Dtt (total ODH; black), Dii  (nonlinear ODH; red), Dic (linear 

ODH; blue), Dcc (climatological annual cycle ODH; green), and Drs (the residual; 

yellow) averaged in the EEP region from 1958 to 2010. 

 

 

 

 
Fig.5. (a) Time series of Dtt (total ODH; black), Dii (nonlinear ODH; red), Dic (linear ODH; blue), 

Dcc (climatological annual cycle ODH; green), and Drs (the residual; yellow) averaged in the EEP 

region from 1958 to 2010. (b-c) Composite temporal evolutions of Dii (solid red) and Dic (solid 

blue) for El Niño and La Niña, with red and blue dash lines, stand for the 12-month average. The 

ODH unit is °C/month. 
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El Nino Composite  (b) ODH 
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a role in cooling the climatological mean SST in the EEP, offsetting the net heat flux 

warming effect. Although the linear ODH term Ὀ  displays a strong interannual oscillation 

in association with ENSO growth and decay, their net impact on the climatological mean 

state is near zero. This is understandable because the linear terms contain the product of 

the mean and perturbation fields, and a time average of such a product must vanish 

according to the definition. The nonlinear ODH term Ὀ  amplitude is much smaller than 

the linear counterpart, but interestingly, it keeps the same sign during the El Niño and La 

Niña years. 

 

 

 

Figure 2.10 (a) Composite temporal evolutions of Dii  (solid red) and Dic (solid blue) 

for El Niño  and La Nina, with red and blue dash lines, stand for the 12-month average. 

The ODH unit is °C/month. 
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To examine carefully how ENSO-related linear and nonlinear ODH terms evolve with 

time, we plotted the composite evolutions of Ὀ  and Ὀ  for El Niño and La Niña, 

respectively (Figs. 2.10a-b). It is evident that the amplitude of the linear heating Ὀ  is 

much greater than the nonlinear heating Ὀ  for both El Niño and La Niña evolutions. The 

signs of the linear heating Ὀ are opposite between El Niño and La Niña, as expected. The 

nonlinear heating Ὀ  has the same sign during El Niño and La Niña, and therefore it might 

potentially affect the mean SST. However, the 12-month average of Ὀ  is one order of 

magnitude smaller than that of Ὀ  for both El Niño and La Niña, indicating that the 

amplitude of nonlinear dynamic heating is too small to make a significant impact.  

Table 2.3 lists the period-mean values of individual ODH terms averaged in the EEP 

during the ENSO and NOML years from both ORAS5 and SODAv2.2.4. Note that both 

the linear and nonlinear ODH terms (Ὀ  and Ὀ ) are near zero, implying that their 

contributions to the climatological mean SST are negligible. The contribution from the 

interesting term Ὀ  is also small. The main contributor is the climatological component 

(Ὀ ). The potential contributor nonlinear oceanic dynamic Ὀ , specifically in three  

 

Table 2.3 Period-mean Dii, Dic, Dcc, Drs, and Dtt (unit: °C/month) averaged in the 

EEP during the ENSO and NOML years as well as during El Niño and La Niña years. 

El Niño and La Niña are divided by 31 years instead of 15 years and 16 years, so their 

sum is the value of ENSO years. Bold numbers are from ORAS5, and numbers in italic 

font in parentheses are from SODAv2.2.4. 

EEP 
NOML  

(21 years) 

ENSO 

(31 years) 

El Niño  

(15 years) 

La Niña  

(16 years) 

Dii  0.00 (0.01) -0.02 (0.00) -0.01 (-0.01) -0.01 (0.01) 

Dic -0.07 (-0.07) 0.04 (0.04) 0.12 (0.12) -0.08 (-0.08) 

Dcc -0.56 (-0.80) -0.56 (-0.80) -0.27 (-0.39) -0.29 (-0.41) 

Drs 0.03 (0.03) 0.02 (0.04) 0.02 (0.01) 0.00 (0.03) 

Dtt  -0.59 (-0.83) -0.52 (-0.72) -0.15 (-0.27) -0.37 (-0.45) 
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Figure 2.11 Longitudinal-time sections (averaged over -4°S~4°N) of (a) zonal, (b) 

meridional, (c) vertical, and (d) the sum of nonlinear oceanic dynamic heating 

(unit: °C/month) from the year 1986 to 2009. 

 

directions, zonal, meridional, and vertical advections, are all very small as shown in Figs. 

2.11a-c. The equatorial nonlinear ODH even exhibits negative impact from 120W to 100

W, while positive impact resides to both the east and west sides of the negative center near 

100 W and 160W (Fig.2.11d). 

The horizontal patterns of the linear and nonlinear ODH fields during the ENSO 

developing phase (from August to October) are shown in Fig. 2.12. In the ENSO 

developing phase, as one can see, a strong warming (cooling) tendency of Ὀ occurs 

during El Niño (La Niña) over most parts of the EEP (Figs. 2.12a and c), with a pattern  

(a) Zonal_Dii  (b) Meridional_Dii  

(c) Vertical_Dii  (d) Dii  
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correlation of -0.97 over the EEP region (denoted by the black box). This contrasts with 

the Ὀ field, which shows a similar pattern between El Niño and La Niña (Figs. 2.12b and 

d), with a pattern correlation of 0.68 over the concerned region, indicating they have almost 

the same contributions. Notably, a warming tendency appears in the far EEP, consistent 

with Su et al. (2010). A negative nonlinear ODH appears in the western part of the EEP 

box, and it offsets the positive tendency to the east, leading to an overall negligible 

contribution. This feature can also be found in Fig.2.11d.  

 

 

Figure 2.12 Horizontal distributions of (left) linear and (right) nonlinear ODH (unit: 

C/month) during El Niño (top) and La Nina (bottom) developing phase (from August 1 

to October 31). A black box denotes the EEP region. 
 

 

 

 

 
Fig.6. Horizontal distributions of (left) linear and (right) nonlinear ODH (unit: °C/month) during El 

Niño  (top) and La Niña (bottom) developing phases (from August 1 to October 31). A black box 

denotes the EEP region.  

(b) El Nino 

(c) La Nina (d) La Nina 

Dic Dii 

Dic Dii 

(a) El Nino 
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2.5 Conclusion and Discussion 

Motivated by a previous theoretical study that suggested that nonlinear oceanic 

dynamic heating associated with ENSO might potentially affect the mean SST, we 

investigated the effect of ENSO rectification processes on the Pacific mean climate through 

an observational analysis study in this chapter. A simple analytical heat budget model was 

developed to quantitatively delineate the contributions of oceanic dynamic heating and 

surface heat fluxes to the rectification effect. This methodology follows the idea of Zhang 

et al. (2014), who studied the formation of future Pacific mean SST pattern under global 

warming. 

The result shows that the effects of surface heat flux processes are weak. Surface 

downward longwave radiative heating tends to offset the net shortwave radiative heating. 

Even though linear oceanic dynamic heating terms are strong, they tend to cancel out by 

ENSO warm and cold phases. On the other hand, the nonlinear oceanic dynamic heating 

terms have the same sign during El Niño and La Niña, but their contribution to the mean 

SST is weak due to their weak amplitude. The strong ENSO modulation seen in a simple 

theoretical model (Liang et al. 2012) possibly results from the oversimplification of the 

model, including the treatment of atmospheric wind responses to SST, surface heat fluxes, 

and oceanic horizontal and vertical advections. 

Conclusively, our observational diagnosis indicates that the observed differences in 

the mean SST between the ENSO and non-ENSO states are minor. The constructed quasi-

equilibrium mixed-layer heat budget framework is further used to quantitatively estimate 

the impact of each dynamic and thermodynamic term. Despite the distinctive interannual 
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variabilities between the two states, ENSO's overall dynamic and thermodynamic 

rectification effects on the mean SST in the tropical Pacific are too weak to make a 

significant difference.  
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Chapter 3. ENSO Impact on the Mean State from OGCM 

Experiment Perspectives 

 

3.1 Abstract 

To further confirm the results from the observational analysis, idealized numerical 

experiments can be designed to further unveil the impact of the ENSO on the mean climate 

with the same method as introduced in the Chapter 2 by contrasting the time-mean states 

of oceanic general circulation model (OGCM) experiments with and without ENSO. It has 

been proved in the numerical modeling experiments that while the linear ODH linked with 

ENSO exhibits a significant amplitude, its impact on the long-term average SST is limited 

because its contribution changes sign during the El Niño  and La Nina phases. In contrast, 

the nonlinear ODH has a consistent sign during both warm and cold episodes. Nonetheless, 

its weak amplitude results in a small cumulative effect on the mean SST. 

Furthermore, due to advancements in computer technology and the development of 

coupled models, along with improved initialization methods and advancements in 

theoretical studies of crucial physical processes, ENSO has become the most predictable 

climate mode at the time scales from months to seasons. Nevertheless, accurately 

predicting ENSO remains a challenge, for instance, the precision of ENSO prediction in 

global circulation models can be influenced by the representation of the mean state 

conditions, which affects the development and behavior of ENSO in the model. 

Consequently, the behaviors of ENSO in models in association with its potential impact on 

the mean state in turn is worth exploring.  
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3.2 Introduction 

In the previous chapter, by separating observed records into an ENSO state and a non-

ENSO state, we investigate the possible effect of ENSO on the mean state with an 

equilibrium mixed-layer heat budget model for diagnosis. However, questions may remain 

that the result from observational analysis might not be reliable due to the limitation of the 

dataset period (i.e., sample sizes for ENSO and non-ENSO years are small). Sun and Zhang 

in 2014 contrasted the time-mean state of two forced OGCM experiments with one 

experiment force by the long-term mean surface wind stress, while the other is forced by 

the long-term mean surface winds stress plus the interannual anomalies to delineate the 

rectification of ENSO on climate decadal and longer time scales. Inspired by the lack of 

sample size and Sun and Zhangôs method, idealized numerical experiments can be designed 

to unveil the impact of the ENSO on the mean climate by contrasting the time-mean states 

of OGCM experiments with and without ENSO, and with the same methodology applied 

in the previous observational analysis to further confirm the result. 

Advantages of idealized modeling experiments are seen in many aspects as follows: 

The idealized model experiments can isolate specific processes that contribute to climate 

variability, allowing us to study the impact of individual processes without the complexity 

of the full climate system. This simplification enables us to determine the relative 

importance of specific processes and asses their sensitivity to changes in climate conditions. 

Besides, by simplifying the climate system, idealized model experiments can provide 

insight into the underlying physical mechanisms driving climate variability, which can help 

us develop more accurate models that better capture the behavior of the climate system. 

Moreover, idealized model experiments can also be used to test hypotheses that cannot be 
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tested through observations or more complex simulations. For example, researchers cannot 

perfectly remove the interannual signals in the pure observational studies, but excluding 

the effect of a particular forcing mechanism or feedback associated with ENSO can be 

tested in the models on the climate system. In addition, since the observational dataset 

period is limited, with the help of modeling simulations, ENSO state and non-ENSO state 

can be produced with a larger sample size reducing the potential for sampling bias, which 

generally leads to an increase in the accuracy of the estimate and the generalizability of the 

results. 

With the advances in computer technology and the development of coupled models, 

the improvements in initialization schemes, and the progress in theoretical studies of key 

physical processes, ENSO has become the most predictable climate mode at the time scales 

from months to seasons, and thus ENSO predictions and predictability are of great 

importance and have attracted broad attention over the past decades (Tang et al. 2018; 

Zhang 2019 et al.). Accurate ENSO prediction provides decision makers with an 

opportunity to anticipate climate anomalies, potentially mitigating the societal and 

economic impacts of this natural phenomenon. This can assist in the management of natural 

resources and the environment. 

However, ENSO prediction remains a challenging task. In addition to model process-

related issues, ENSO prediction skills can also be enhanced by various techniques, 

including initializations and prediction procedures (Tang et al. 2018). For instance, the 

accuracy of ENSO prediction in global circulation models can be influenced by the 

representation of the mean state conditions, which can influence the development and 

behavior of ENSO, in the model. Therefore, in addition to confirm the results from 
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observational studies in Chapter 2 with idealized numerical modeling experiments, the 

behaviors of ENSO in models in association with its potential impact on the mean state is 

worth exploring.  

3.3 Oceanic General Circulation Model Description 

The model used for these experiments is the Community Earth System Model 2.1 

(CESM2.1) ocean component, Parallel Ocean Program version 2 (POP2). POP2 is a state-

of-the-art general ocean circulation model that solves the 3-dimension primitive equations 

of rotational fluid dynamics and thermodynamics with standard approximations of 

Boussinesq and hydrostatics. It is developed and maintained at Los Alamos National 

Laboratory (Smith et al. 2010) and is the ocean component of the fourth version of the 

Community Climate System Model (CCSM4) developed at the National Center for 

Atmospheric Research (Gent et al. 2011; Danabasoglu et al. 2012).  

The model uses the displaced-pole coordinate grid with the pole centered over 

Greenland and has a nominal horizontal resolution of 1°, and the Equator is typically 

chosen as a grid line so that the numerical dispersion relation for the B-grid linear Kelvin 

waves is accurate. At resolutions coarser than about 1/2°, the meridional spacing near the 

Equator is enhanced (to about 1/2°) in order to more accurately resolve equatorial waves 

and currents, including equatorial Kelvin/Rossby waves. The ocean model has a finer 

resolution when doing the calculations. Vertically, it resolves 60 depth levels with 

resolution varying from 10-m in the upper ocean to 250-m in the deeper ocean (Lucas et 

al. 2013). For a detailed description of the model, readers are referred to Smith et al. (2010) 

and Danabasoglu et al. (2012). 
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3.4 Idealized Model Experiment Simulations with OGCM 

3.4.1 Idealized model experiment designs 

Four OGCM experiments with atmospheric forcing are designed to further confirm 

the impact of ENSO on the tropical climate mean state in the EEP: 

In the control run (CTRL), the experiment is forced by JRA-55 daily atmospheric 

surface fields containing 10-m zonal and meridional wind, specific humidity, air 

temperature at 10-m, sea level pressure, precipitation, surface downward longwave 

radiation, and downward solar radiation (i.e., containing all forcings). The JRA-55 has a 

horizontal resolution of 0.5° by 0.5° and a 6 h time interval (Kobayashi et al. 2015). The 

subsequent section show that the CTRL successfully simulates Niño3.4-SST evolution 

from 1958 to 2010.  

In a sensitivity experiment (EXP_NO_IA), the model is forced by the JRA-55 daily 

surface fields for the same period with the interannual signals excluded by Butterworth 1- 

to 8-year band-pass filter. This sensitivity experiment aims to remove the ENSO signal so 

that the time mean states of the two runs can be compared.  

 Another control run only concerning the long-term mean atmospheric forcing of 

1958-2010 (EXP_AM) is applied with the same daily JRA-55 atmospheric reanalysis 

products. Therefore, the long-term mean state of the ocean is simulated without the capture 

of any short-term climate variability or changes that may occur over the period. 

While in the other sensitivity experiment (EXP_AM+IA), the atmospheric forcing 

includes the long-term mean atmospheric forcing of 1958-2010 plus the interannual signals 
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over the period. It will result in fluctuations in the oceanôs temperature, salinity, and 

circulation patterns on interannual timescales. 

 

 

Figure 3.1 Time series of NINO3.4 from 1958 to 2010 in (a) CTRL (red) and 

observation (from ERSSTv5, black) with correlation coefficient as 0.94, (b) 

EXP_AM+IA (red) and CTRL (black) with correlation coefficient as 0.92, (c) 

EXP_NO_IA (red) and CTRL (black), and (d) EXP_AM (red) and CTRL (black) (the 

correlation coefficients all passed 95% significance test). 

  

(a) NINO-3.4 1958-2010 

(c) NINO-3.4 1958-2010 

(d) NINO-3.4 1958-2010 

(b) NINO-3.4 1958-2010 
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Therefore, the time-mean temperature differences between the run with ENSO and 

the run without ENSO can delineate the rectification effect of ENSO events on the climate 

mean state with the application of the simple analytical heat budget model framework. The 

effect from nonlinear ODH can also be quantified with three-dimensional outputs from the 

conducted idealized OGCM experiments. 

3.4.2 The OGCM simulation results 

In the CTRL run, the OGCM is forced by observed daily forcing fields for 1958-2010. 

Fig. 3.1a shows the simulated Niño-3.4 index from this run. The model can capture the 

observed SSTA evolution in the region. The correlation coefficient between the simulated 

and observed time series is 0.94. In EXP_AM+IA, as shown in Fig. 3.1b, the SSTA 

evolution has a correlation coefficient of 0.92 with that in CTRL, indicating their robust 

relationship and the ability of this experiment to capture the realistic observed interannual 

SSTA variability. The realistic simulation of the interannual SSTA variability adds the 

confidence to conduct a sensitivity experiment EXP_NO_IA, which is forced by idealized 

daily forcing fields with their interannual variability removed by Butterworth 1- to 8-year 

band-pass filter, and EXP_AM with long-term mean atmospheric forcing only to further 

reveal the role of ENSO on the mean state. As seen in Fig. 3.1c, the SSTA variability in 

the Niño-3.4 region in EXP_NO_IA is greatly suppressed, and so is in EXP_AM in Fig. 

3.1d. The correlation coefficient of the Niño-3.4 index time series between EXP_NO_IA 

(EXP_AM) and the model observed one in CTRL is 0.19 (-0.15), indicating that they are 

unrelated. The interannual SSTA standard deviation distribution in the CTRL (Fig. 3.2a) 

resembles the observed, with a maximum SSTA variability center located at the EEP, while 

for EXP_AM+IA, the maximum center appears in the far eastern Pacific but with a more  
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Figure 3.2 Horizontal distributions of the standard deviation of the 1- to 8-year band-

pass filtered SSTA in (a) CTRL and (b) EXP_AM+IA, with a black box denoting the 

EEP region.  

 

extension to the west near the date line (Fig. 3.2b). As for EXP_NO_IA and EXP_AM, 

however, due to the exclusion of interannual signals, the SSTA variabilities are not 

detectable in these two experiments. 

Given the distinctive contrasts of the interannual SSTA variabilities between the 

CTRL and EXP_NO_IA, and EXP_AM+IA and EXP_AM, we are curious whether there 

would be a significant difference in the mean climate state. As shown in Fig.3.3a, the long-

term mean SST differences between CTRL experiment and EXP_NO_IA are minor in the 

concerned region, while Fig. 3.3b displays the same feature resulting from the differences 

between EXP_AM+IA and EXP_AM, indicating that the rectification effect of ENSO on 

the mean state should be insignificant. Furthermore, as proved in Fig. 3.3c, the period mean  

(a) CTRL  SSTA_STD  

(b) EXP_AM+IA  SSTA_STD  
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Figure 3.3 Numerical modeling results of the long-term mean SST spatial differences 

between (b) CTRL and EXP_NO_IA, (b) EXP_AM+IA and EXP_AM, and between (c) 

ENSO and NOML year composite following the definitions associated with ERSSTv5 

in CTRL experiment. 
 

SST difference between ENSO and NOML year composites in the CTRL experiment is 

also small in the EEP region as we have found in the observational analysis.  

Fig. 3.4a displays the mean SST (solid black) difference along the equator between 

the CTRL and EXP_NO_IA. As one can see, the SST difference is minor over the EEP. 

This confirms the observational analysis that ENSO variability has little impact on 

modulating the tropical Pacific's mean state. Applying the same diagnosis framework with 

Eq. (10), one may analyze the relative contributions of the dynamic and thermodynamic 

(c) CTRL_ENSO ς NOML 

SST (a) CTRL ς EXP_NO_IA 

SST (b) EXP_AM+IA ς EXP_AM 

SST 
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terms. The difference operator is between the model and observational diagnoses in the 

previous chapter. Instead of diagnosing the difference between the ENSO and non-ENSO 

years, we now calculate the difference between the CTRL and EXP_NO_IA for the entire 

model integration period. The longitudinal distributions show that the net effects of the 

ocean dynamics and the surface heat fluxes are minor along the equator.  

 

Figure 3.4 Longitudinal distributions of simulated (solid black) and estimated (dash 

black, based on Eq. 10) (a) long-term mean SST differences between CTRL and 

EXP_NO_IA, (b) long-term mean SST differences between EXP_AM+IA and 

EXP_AM, and (c) period-mean SST differences between ENSO and NOML years in 

CTRL, along the equator (4S~4 N). Colored lines show the contributions from five 

individual terms in Eq. (10).  

 

 

 

  
Fig.8. Longitudinal distributions of simulated (solid black) and estimated (dash black, based on Eq. 10) (a) long-

term mean SST differences between CTRL and EXP_NO_IA, (b) long-term mean SST differences between 

EXP_AM+IA and EXP_AM, and (c) period-mean SST differences between ENSO and NOML years in CTRL, 

along the equator (4 S~4 N). Colored lines show the contributions from five individual terms in Eq. (10). 

(a) CTRL  EXP_NO_IA 

(b) EXP_AM+IA  EXP_AM 

(c) CTRL ENSO- NOML 
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Figure 3.5 Time series of Dtt (total ODH; black), Dii (nonlinear ODH; red), Dic (linear 

ODH; blue), Dcc (climatological annual cycle ODH; green), and Drs (the rest; yellow) 

averaged in the EEP region from 1958 to 2010 in (a) CTRL and (b) EXP_NO_IA. (c) is 

the difference between (a) and (b). The unit for ODH is /month. 
 

In comparison, the long-term mean SST difference (solid black) between 

EXP_AM+IA and EXP_AM and the individual terms of dynamic and thermodynamic 

contributions along the equator in Fig. 3.4b depicts the same result, adding more 

confidence to the weak modulation of ENSO on the mean climate state. Moreover, 

(a) CTRL  ODH  

(b) EXP_NO_IA  ODH  

(c) CTRL ς EXP_NO_IA  ODH  
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following the ENSO event year definition applied in the Chapter 2, ENSO and NOML 

years are separated in the CTRL, and their period-mean SST difference (solid black) is also 

close to zero in the EEP region, with the contributions of each dynamic and thermodynamic 

term resembling the observed (Fig. 3.4c). The numerical result generally agrees with the 

observational analysis result shown in the Chapter 2. 

Following that method applied in the analysis in the previous chapter, we split the 

ODH into nonlinear heating Ὀ , linear heating Ὀ , climatological annual cycle heating Ὀ , 

and the residual Ὀ . Fig. 3.5 and Fig. 3.6 show the time evolutions of the total ODH and 

the decomposed individual ODH components in the CTRL, EXP_NO_IA, EXP_AM+IA, 

and EXP_AM respectively. In all four experiments, the total ODH fluctuates around the 

climatological annual cycle component Ὀ  with a negative time-mean value that indicates 

an overall dynamic cooling effect for the mean state. The linear ODH term Ὀ , on the other 

hand, shows a great difference between the CTRL and EXP_NO_IA, and so does between 

EXP_AM+IA and EXP_AM. This is consistent with strong ENSO variability in the CTRL 

(Fig. 3.5a) and EXP_AM+IA (Fig. 3.6a). Due to the lack of ENSO variability, the linear 

and nonlinear ODH terms are extremely small in EXP_NO_IA (Fig. 3.5b) and EXP_AM 

(Fig. 3.6b).  

To illustrate the impact of ENSO on the ODH more clearly, we show the differences 

of each of the ODH terms between the CTRL and EXP_NO_IA in Fig. 3.5c and between 

EXP_AM+IA and EXP_AM in Fig. 3.6c. As expected, the climatological ODH is identical 

in the two experiments, so that their difference is zero. The most considerable difference 

arises from the linear ODH term, followed by the nonlinear ODH term with a rather smaller 

amplitude, indicating its weak potential impact on the mean state. 
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Figure 3.6 Time series of Dtt (total ODH; black), Dii (nonlinear ODH; red), Dic (linear 

ODH; blue), Dcc (climatological annual cycle ODH; green), and Drs (the rest; yellow) 

averaged in the EEP region from 1958 to 2010 in (a) EXP_AM+IA and (b) EXP_AM. 

(c) is the difference between (a) and (b). The unit for ODH is /month. 
 

3.5 Conclusion and Discussion 

To investigate the reliability of the observational analysis results in the previous 

chapter, advanced idealized OGCM experiments are further designed to confirm the 

findings. In a control experiment, the model is forced by observed daily atmospheric 

ODH  

ODH  

ODH  

(a) EXP_AM+IA 

(b) EXP_AM 

(c) EXP_AM+IA ς EXP_AM 
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forcing fields. And the model can reproduce the observed ENSO variability in the tropical 

Pacific. Three experiments are further conducted, in one of which daily atmospheric fields 

force the model with the interannual signal being removed (EXP_NO_IA), and two other 

experiments are designed to make a further comparison. In one of them, the long-term 

mean atmospheric forcing of 1958-2010 (EXP_AM) is applied, while in the other, the 

atmospheric forcing used is the long-term mean atmospheric forcing of 1958-2010 plus the 

interannual signals over the period (EXP_AM+IA). 

 Despite the great contrast in the ENSO variability, the experiments reproduce an 

almost identical long-term mean SST field, implying that the ENSO rectification effect on 

the mean state is small. Using the same mixed-layer budget diagnosis framework for the 

model outputs, we found that the rectification effect of atmospheric surface heat fluxes is 

weak, similar to the observational results. While the linear ODH shows a significant 

difference, as expected, its accumulated impact on the long-term mean SST is minor. 

Although the nonlinear ODH has the same sign during El Niño and La Niña events, its 

accumulated effect on the mean SST is small due to its extremely weak amplitude. As an 

attempt to investigate the ENSO rectification effect on the climate mean state with 

numerical modeling experiments, this study could improve the accuracy in the mean state 

estimation over the EEP as an important condition for ENSO prediction not only for present 

days but for the future climate under global warming as well. 

However, some problems may remain, for example, in those simulations, SST is 

strongly, albeit not entirely, constrained by 10-m air temperature and specific humidity as 

a Newtonian damping process. The CTRL experiment and EXP_AM+IA are forced by the 

actual atmospheric fields that contain the observed interannual variations, i.e., ENSO 
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signals, while the other two simulations, EXP_NO_IA and EXP_AM, are forced by the 

atmospheric fields that so not contain the interannual ENSO variations. Although the 

forcing fields in those four simulations differ in interannual variations, their climatological 

averages are identical. Concerns may arise as the similarity results should be from the 

model set-up, particularly the prescribed 10-m air temperature and the Newtonian damping 

process. Therefore, actions need to be taken to remove the Newtonian damping impact 

during the numerical modeling experiment operations to assure the convincement of our 

findings in the observational analysis as well as in the numerical modeling experiments. 

Moreover, as found in Sun et al. 2014 and Hua et al. 2015 by applying an OGCM with 

a restoring thermal boundary condition to underscore the importance of the subsurface 

 

Figure 3.7 Mean temperature differences in the equatorial upper ocean between (a) 

ENSO and NOML year composites from observation reanalysis datasets (ORAS5), and 

between (b) CTRL experiment and EXP_NO_IA.  
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ocean dynamics in the rectification effect of ENSO, the nonlinear dynamic heating (NDH) 

exhibits significant positive signals in the subsurface in the eastern Pacific generally 

corresponding to temperature increases, and to a lesser degree in the surface when the 

restrictive boundary condition is used. The strongest positive NDH area located at 100-

80 W and 30-60 m has correspondence with the strongest temperature increases, while in 

our research, Fig. 3.7 also shows a similar feature in terms of temperature from both 

observation and forced OGCM experiment results. 
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Chapter 4. Modulation of ENSO on the Annual Cycle 

 

 4.1 Abstract 

The annual cycle of sea surface temperature (SST) in the equatorial eastern Pacific 

(EEP) shows a distinctive change between the warm and cold phases of the El Niño-

Southern Oscillation (ENSO), with a much-enhanced cold tongue in boreal fall during La 

Niña  than during El Niño. The specific dynamic and thermodynamic processes through 

which ENSO modulates the annual cycle during the various phase of the annual cycle were 

investigated through an analytical heat budget model.  

It is found that the modulation of ENSO is primarily through oceanic dynamic heating 

processes, including anomalous temperature advection by mean vertical and meridional 

currents and mean temperature advection by anomalous zonal and vertical currents. While 

El Niño (La Niña) induced increase (decrease) of column water vapor causes the increase 

(decrease) of downward longwave radiation and thus the weakening (strengthening) of the 

cold tongue, an enhanced (reduced) surface latent heat flux due to the increase (decrease) 

of surface wind speed tends to strengthen (weaken) the cold tongue and thus oppose the 

ocean dynamic effect. Such ENSO impacts persist from boreal fall to boreal winter and 

weaken substantially during the subsequent spring.  
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4.2 Introduction 

The equatorial eastern Pacific (EEP) is a unique region in the global ocean with the 

most pronounced interannual SST variability, namely El Niño Southern Oscillation (ENSO) 

(Philander 1990). Although its main SST and convective activities are in the tropics, ENSO 

exerts great remote climate impacts worldwide. Plenty of studies were conducted in the 

past four decades to reveal the structure and evolution characteristics and fundamental 

dynamics of ENSO, including its growth and phase locking mechanisms and its 

teleconnection (e.g., Rasmusson and Carpenter 1982; Philander 1983; Philander et al. 1984; 

Cane and Zebiak 1985; Suraze and Schopf 1988; Li 1997b; Jin 1997; Neelin et al. 1998; 

Chen and Li 2015; Chen and Jin 2020).  

Another important climate feature of the EEP is its annual cycle in both the SST and 

surface wind fields (Mitchell and Wallace 1992). While the incoming solar radiative 

forcing at the top of the atmosphere is dominated by a semiannual (6 months) period as the 

sun crosses the equator twice a year, the observed SST and surface winds both exhibit a 

marked 12-month period, with the cold tongue being strongest in September and weakest 

in March. Similar to ENSO, the annual cycle also involves active atmosphere-ocean 

interaction processes. Relevant processes include meridional wind-upwelling-SST 

feedback (Chang and Philander 1994), wind-evaporation-SST feedback (Xie and Philander 

1994), and stratus cloud-radiation-SST feedback (Li and Philander 1996). In a model that 

incorporates the aforementioned three feedback processes, Li and Philander (1996) 

reproduced the observed strength of the annual cycle in the presence of the antisymmetric 

annual-harmonic solar radiation forcing and an equatorially asymmetric time-mean state. 

Given the similar amplitude of the annual cycle and ENSO (Bjerkness 1966, 1969; Xie 
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1994; Li and Philander 1996), it is likely that there might be a two-way interaction between 

the two modes.  

A marked feature of ENSO is its phase locking to the annual cycle. It has been noted 

that the mature stage of ENSO often occurs during the boreal winter (Rasmusson and 

Carpenter 1982; Galanti and Tziperman 2000; An and Wang 2001; Chen and Jin 2020), 

which implies that ENSO is strongly modulated by the climatological annual cycle. So far, 

the following mechanisms have been proposed to explain the ENSO phase locking feature. 

The first is a season-dependent coupled instability (Li 1997b; Tziperman et al. 1998). The 

second is through the effect of El Niño induced easterly anomalies in association with the 

occurrence of an anomalous anticyclone in the western Pacific (Wang et al. 1999). The 

third involves the role of nonlinear interaction between ENSO and the annual cycle (Jin et 

al. 1994; Tziperman et al. 1994; Chang et al. 1994; Stein et al. 2010, 2014).  

ENSO, on the other hand, may exert a great impact on the annual cycle (Gu and 

Philander 1995). It has been shown that the annual cycle tends to be weaker during the El 

Niño periods and stronger during the La Niña periods (Gu and Philander 1995; Xie 1995). 

Gu and Philander (1995) proposed a hypothesis suggesting that ENSO affects the annual 

cycle by altering the mean depth of the thermocline and the intensity of trade winds. During 

the warm phase of ENSO, the thermocline depth tends to increase, potentially resulting in 

a weaker dynamic interaction between the atmosphere and the ocean. However, studies 

conducted by Chang and Philander (1994) and Li and Philander (1996) indicated that the 

annual cycle is primarily influenced by processes occurring in the oceanic mixed-layer, 

implying that the ENSO-induced changes in the thermocline might have a relatively minor 
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impact on the annual cycle. The specific mechanisms through which ENSO influences the 

annual cycle in the EEP are still not fully understood.  

Motivated by the rationale above, in this chapter, we intend to re-visit this outstanding 

scientific problem by developing an analytical approach to reveal the specific dynamic (i.e., 

three-dimensional temperature advection in the oceanic mixed layer) and thermodynamic 

(i.e., surface heat fluxes) processes through which ENSO influences the annual cycle. The 

remaining part of this chapter is organized as follows. In Chapter 4.3, observational 

datasets and analytical strategies are introduced. Chapter 4.4 examines the effect of ENSO-

induced dynamic and thermodynamic processes on the EEP cold tongue during its 

maximum phase from August to October (ASO). The impacts of ENSO on the annual cycle 

during ENSOôs mature phase (NDJ) and the cold tongue weakest phase (FMA) are further 

examined in Chapter 4.5. Discussion and conclusions are presented in Chapter 4.6. 

4.3 Data and Methods 

4.3.1 Observational datasets 

The primary ocean data applied in this study are the Global Ocean Data Assimilation 

System (GODAS) reanalysis product (Behringer et al. 1998; Saha et al. 2006). The 

GODAS is based on a quasi-global configuration of the GFDL MOM.v3. The model 

domain extends from 75°S to 65°N and has a resolution of 1° by 1° enhanced to 1/3° in the 

meridional direction within 10° of the Equator. The model has 40 vertical levels with a 10-

meter resolution in the upper 200 meters. Forced by the momentum flux, heat flux, and 

freshwater flux from the NCEP-2 atmospheric reanalysis, the GODAS assimilates 

temperature profiles from XBTs, tropical atmosphere-ocean moorings, and Argo profiling 
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floats. For this study, monthly GODAS ocean reanalysis datasets contain the mixed layer 

depth below the sea surface, horizontal momentum flux, the three-dimensional ocean 

current (the vertical currents are calculated by the oceanic continuity equation), and 

temperature fields, covering the concerned period from the year 1980 to 2021.  The 

thermocline depth is defined by the 20-degree Celsius isotherm depth. The ocean heat 

content (OHC) is determined by an integral from the surface to 200-meter for the 

approximated upper mixed layer depth: OHC = ὅ᷿ ”ᾀὝᾀὨᾀ, where ὅ  is the 

specific heat capacity of seawater, ”ᾀ is the seawater density profile, and Ὕᾀ is the 

temperature profile. 

The monthly mean atmospheric and surface heat flux data are from the fifth-generation 

atmospheric reanalysis (ERA5) (Hersbach et al. 2018) with a regular global latitude-

longitude grid of 0.25 degree. The data cover the period from 1979 to the present. ERA5 

is produced using 4D-Var data assimilation and model forecasts in CY41R2 of 

the ECMWF Integrated Forecast System (IFS), with 137 hybrid sigma/pressure (model) 

levels in the vertical and the top level at 0.01 hPa. The Extended Reconstructed Sea Surface 

Temperature version 5 (ERSST V5) (Huang et al. 2017) from the US National Climate 

Data Center (NCDC), with a horizontal resolution of 2° by 2°, is used for the comparison 

with mixed layer temperature (MLT). 

4.3.2 Reconstruction of the simple analytical heat budget model 

As the annual SST cycle and ENSO both have large amplitude in the equatorial 

eastern Pacific (EEP) cold tongue, we will focus our analysis on this region (90W-120W, 

5S-5N). Because ENSO has a peak phase in northern winter, we define the annual cycle  

https://confluence.ecmwf.int/display/CKB/ECMWF+Model+Documentation
https://confluence.ecmwf.int/display/UDOC/L137+model+level+definitions
https://confluence.ecmwf.int/display/UDOC/L137+model+level+definitions
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from May of the ENSO developing year to April of the ENSO decaying year so that the 

warm or cold phase of ENSO maintains the same phase throughout the annual cycle. The 

so-defined annual cycles, along with the ENSO evolutions, are shown in Figs. 4.1a and b. 

For the long-term climatology (black curve), the EEP SST and MLT are the coolest in the 

northern fall season ASO and the warmest in the northern spring FMA. Note that the cold 

tongue in ASO becomes much weaker (stronger) during the El Niño (La Niña) composite. 

As a result, a marked difference occurs between El Niño and La Niña during the coolest  

 
Figure 4.1 Annual variation of (a) SST (unit: C) and (b) MLT (unit: C) from 

May (0) to April (+1) in EEP with (solid) long-term annual mean removed, 

and (dash) climatological annual cycle removed. Red, blue, and black denote 

El Niño , La Nina, and the climatological annual cycle, respectively.   

όōύ a[¢ !ƴƴǳŀƭ ±ŀǊƛŀǘƛƻƴ ό99tύ 

9w{{¢Ǿр 

Dh5!{ 

όŀύ {{¢ !ƴƴǳŀƭ ±ŀǊƛŀǘƛƻƴ ό99tύ 
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annual cycle phase. Such an SST difference persists into the ENSO mature phase (NDJ) 

and weakens rapidly toward the northern spring (FMA). Table 4.1 lists the seasonal 

dependence of the SST difference. 

These existing differences suggest that ENSO may potentially regulate the mean-state 

annual cycle. We can explore the role of ENSO in regulating the mean-state annual cycle 

with the analytical heat budget model Eq. (4.1) regarding two steady states following Xie 

et al. (2010) and Zhang and Li (2014) as applied in the previous chapters to assess the 

impact of ENSO on the annual cycle over the EEP region. Although the derivation process 

is the same, note that for the study of ENSOôs impact in different seasons, Eq. (4.1) is 

different from Eq. (2.10) in the previous chapter, 

Ὕ‏                            
 

ȟ                                                (4.1) 

where the denominator ὃ  τ„Ὕ ‎ὗ ‎ὠ should depend on the climatological 

seasonal mean. In this study, three seasons are chosen as the cold tongue coolest phase in 

the northern fall ASO, the ENSO mature phase in boreal winter NDJ, and the cold tongue 

warmest phase in the northern (or ENSO decaying) spring FMA.   

Table 4.1 Seasonal mean SST values (unit: C) relative to the long-term climatology and 

the SST anomalies during El Niño  and La Nina years averaged in EEP.   

EEP SST ASO (0) ND(0) J(+1) FMA(+1)  

CLM  -1.57 -0.74 1.87 

EN - CLM  1.01 1.41 0.57 

LN - CLM  -0.64 -0.89 -0.33 
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To reveal the role of specific ocean advective processes regarding ODH in changing 

the SST, we decompose the velocity and temperature fields into two components, with a 

bar denoting the climatological annual cycle and a prime representing the interannual 

anomaly. With the separation of the mean and perturbation variables, specific oceanic 

advective processes associated with ENSOôs impact on the annual cycle can be 

quantitatively assessed. In addition, to investigate the mechanisms for generating the ocean 

current anomalies, wind-induced Ekman currents and geostrophic currents are diagnosed 

by a linear reduced-gravity model in an equatorial ɓ-plane framework following Su et al. 

2010. 

The anomalous zonal and meridional geostrophic currents may be written as 

ό  and                                               (4.2) 

ὺ ,                                                       (4.3)   

Where Ὣ πȢπςφ άί  is the reduced gravity, ɓ is the planetary vorticity gradient, 

and Ὤᴂ is the anomalous thermocline depth. Here, the thermocline depth is represented by 

the depth of 20C isotherm. The anomalous Ekman currents are calculated based on Chang 

and Philander (1994): 

ό  and                                          (4.4) 

ὺ ,                                                (4.5) 
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Where ɟ is the density of seawater; H is the mean mixed layer depth; †ᴂ and †ᴂ are the 

zonal and meridional wind stress anomalies, respectively; and ὶ ρȾς ÄÁÙ is the 

dissipation rate. 

4.4 Influence of ENSO on the Cold Tongue during the Annual Cycle Coolest Phase 

In this section, by applying the analytical heat budget model Eq. (4.1) in ASO, we 

intend to diagnose how ENSO modulates the annual cycle. A special attention is paid to 

the specific terms on the right-hand side of Eq. (4.1) in contributing to the observed SST 

change. 

Fig. 4.2a displays the longitudinal distributions along the equator of the SST 

difference between the El Niño composite and the long-term climatology and the 

contributions of the individual five terms calculated based on the right-hand side of Eq. 

(4.1). The solid black curve in this figure illustrates the observed SST difference, whereas 

the black dash curve represents the diagnostic result (i.e., sum of the five terms). The 

diagnosed SST difference curve is quite close to the observed one, suggesting that the 

current theoretical model is adequate to examine the ENSO impact on the annual cycle.  

The comparison of the individual terms indicates that the largest contributions of the 

El Niño impact on the ASO SST arises from the oceanic dynamic heating term (ODH). 

The heat flux terms are in general weaker. In particular, the downward longwave radiation 

has a weak positive warming impact, whereas the surface latent heat flux has a negative 

effect. The net shortwave radiation and surface sensible heat flux show a minor influence. 

Fig. 4.2b shows the values of these terms averaged over an equatorial eastern Pacific 

domain (τ3ͯς.ȟρςπͯωπ7). 
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Figure 4.2 ASO seasonal mean differences between (a) El Niño  and climatology along 

the equatorial region (averaged from 4S to 2N) concerning the observed SST (solid 

black line), diagnostic SST (black dash line), and the contributions from five individual 

terms (colored lines). (b) The area-averaged values over the EEP from (a). (c) and (d) 

are the same as (a) and (b) except for La Nina.  
 

The diagnosis results for the La Niña composite are shown in Figs. 4.2c and d. They 

are in general in a mirror image in comparison to the El Niño counterpart. Therefore, a 

fundamental process through which ENSO affects the annual cycle is through the ODH.  

Figs. 4.3a and b illustrate the horizontal distribution of the ODH field for the El Niño 

and La Niña composites. Here the climatological ODH field has been subtracted. As 

expected, a strong dynamic warming (cooling) occurs during El Niño (La Niña). Note that 

the center of the anomalous ODH field is confined to the EEP region. The ODH field is 

 

 

 

 

 

 
Figure 3. (a-c) Longitudinal distributions of observed (solid black) and estimated (dash black, based on Eq. 10) period-

mean SST differences along the equator (4 S~4 N). Colored lines show the contributions from five individual terms in 

Eq. (10). Oceanic and atmospheric datasets are from ORAS5 and ERA5. (d-f) Same as (a-c) except for the averaged 

values in the EEP box (4 S~4 N, 180 ~90 W). (g-l) Same as (a-f), except the oceanic and atmospheric datasets are from 

SODA and 20CRv2.  

(a) ENSO  NOML  ERSSTv5 Def. NOAA Def. (b) ENSO  NOML  Hadi Def. 

OCN Data: ORAS5; ATM Data: ERA5  
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OCN Data: SODA; ATM Data: 20CRv2  

ERSSTv5 Def. (h) ENSO  NOML  (i) ENSO  NOML  

(j) ENSO  NOML  (k) ENSO  NOML  (l) ENSO  NOML  

Hadi Def. NOAA Def. 
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further decomposed into the zonal, meridional, and vertical advective components, and 

their area-averaged values are shown in Fig. 4.3c. Note that the ENSO dynamic impact on 

the annual cycle is primarily through the change of the vertical temperature advection, 

followed by the meridional and the zonal temperature advection. Such an impact with 

respect to El Niño and La Niña events displays a symmetric feature, implying the critical 

role of linear dynamic heating terms. A further check of the relative roles of linear and 

nonlinear ocean temperature advection terms confirms the hypothesis (Fig. 4.3d). Here the  

 

Figure 4.3 Horizontal distributions of the ASO seasonal mean ODH contrasts of (a) El 

Niño  and (b) La Nina to the climatology. (c) The three-dimensional ODH differences 

between ENSO and climatology for the zonal, meridional, and vertical terms. (d) The 

linear (Dl), nonlinear (Dn), and the sum of all ODH (Do) terms. Red and blue bars 

represent composite results for El Niño  and La Nina, respectively. The ODH unit is ὅϽ

άέὲὸὬ . 
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linear terms consist of products of the climatological annual cycle and the interannual 

anomaly fields, whereas the nonlinear terms consist of products of the interannual anomaly 

fields. Fig. 4.3d shows that the linear advection terms are the primary contributor to the 

warming (cooling) effect of El Niño (La Niña) in the EEP. 

The contributions of individual advection terms are shown in Table 4.2. The major 

contributors of the ENSO modulation of the annual cycle are the anomalous temperature 

advections by mean vertical and meridional currents (ύ‬ὝᴂȾ‬ᾀ, ὺӶ‬ὝᴂȾ‬ώ), anomalous 

zonal advection (όᴂ‬ὝȾ‬ὼ), and anomalous vertical advection ύᴂ‬ὝȾ‬ᾀ). 

To understand physically how these terms work, we plotted the vertical-meridional 

cross-sections of the anomalous ocean temperature and climatological current field in ASO 

(Figs. 4.4a and b). The climatological meridional-vertical ocean circulation can be depicted 

by the subtropical cell (STC; McCreary and Lu 1994), with poleward currents at the surface, 

equatorward currents at the subsurface and upwelling over the equator. The STC acts to 

interchange water and heat between the subtropical and the equatorial oceans. During El 

Niño (La Niña), equatorial subsurface water is warmer (cooler) than the surface water. As 

a consequence, the mean surface meridional and vertical currents advect anomalous warm  

Table 4.2 Decomposed anomalous nine terms of the three-dimensional ODH 

(unit: ὅϽάέὲὸὬ ) averaged above the mixed layer depth over EEP in ASO. 

Here overbar denotes the climatological annual cycle, and the prime represents 

the interannual anomalies.  

 όᴂ
‬Ὕᴂ

‬ὼ
 ◊ᴂ

⸗╣

⸗●
 ό

‬Ὕᴂ

‬ὼ
 ὺᴂ

‬Ὕᴂ

‬ώ
 ὺᴂ

‬Ὕ

‬ώ
 ○

⸗╣ᴂ

⸗◐
 ύᴂ

‬Ὕᴂ

‬ᾀ
 ◌ᴂ

⸗╣

⸗◑
 ◌

⸗╣ᴂ

⸗◑
 

EN 0.06 0.20 -0.05 0.00 -0.03 0.33 -0.13 0.20 0.42 

LN  0.13 -0.22 0.11 -0.00 0.05 -0.29 -0.14 -0.14 -0.40 
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Figure 4.4 ASO seasonal mean (a-b) meridional-vertical profile of anomalous ocean 

temperature (shadings; unit: C), and climatological ocean currents (vectors; ὺӶ in 1/2 άϽ

ί  and ύ in ρπ άϽί ) averaged from 120°W to 90°W. (c-d) Zonal-vertical profile 

of climatological ocean temperature (shadings; unit: C),  and anomalous ocean currents 

(vectors; όᴂ in άϽί  and ύᴂ in 1/2 ρπ άϽί ) along the equatorial region 

(averaged from -4°S to 2°N). Left side is for El Niño  and right side is for La Nina. 
 

(cold) water upward and poleward, resulting in a warming (cooling) effect on the cold 

tongue in ASO.  

 In Figs. 4.4c and d, pronounced eastward (westward) mixed-layer current anomalies 

are expected along the equator during El Niño (La Niña). Because the climatological mean 

temperature is larger in the western Pacific and decreases toward the east, the eastward 

(westward) zonal current anomalies induce anomalous warm (cold) advection. The 

eastward (westward) current anomalies induce anomalous downwelling (upwelling) in the 

EEP region due to mass continuation (Fig. 4.5a), which can further induce anomalous 

warm (cold) vertical advection in situ. To reveal the cause of the anomalous zonal current 
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in ASO, we further calculate geostrophic and Ekman current components, following Su et 

al. (2010). The result indicates that the anomalous mixed layer zonal current field is 

dominated by the geostrophic component, while the wind-induced Ekman current 

component is much weaker and tends to offset the geostrophic component (Fig. 4.5b). 

 

Next, we examine ENSO induced thermodynamic effects. As shown in Fig. 4.2, the 

downward longwave radiation plays a positive role. As we know, atmospheric water vapor 

is an important greenhouse gas that affects the downward longwave radiative flux ὗ . 

Figs. 4.6a-b show an increase (decrease) of atmospheric moisture content in EEP during 

El Niño (La Niña). Such a moisture change leads to an increase (decrease) of the downward 

longwave radiation (Figs. 4.6c-d), warming (cooling) the ocean surface in EEP.  

The ENSO induced surface latent heat flux change, on the other hand, tends to offset 

partially the ocean dynamic effect (Fig. 4.2). To illustrate this thermodynamic effect, we 

plotted the horizontal distributions of anomalous surface wind and sea level pressure (SLP)  

 

Figure 4.5 ASO seasonal (a) anomalous vertical motions (unit: ρπ άϽί ), zonal 

(Ux) and meridional (Vy) divergence processes (unit: τ ρπ ί  ); (b) Anomalous 

zonal ocean currents, geostrophic zonal currents (UG; unit: άϽί ), Ekman zonal 

currents (UE; unit: άϽί ). Red and blue bars represent composite results for El Niño  

and La Nina, respectively. 
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Figure 4.6 Horizontal distributions of ASO seasonal mean difference of (a-b) vertical 

integrated specific humidity (unit: kg), (c-d) downward longwave radiations (unit: WϽ
ά ), (e-f) sea level pressure (shadings; unit: hPa), surface wind (vectors), and wind 

speed (contours; unit: άϽί ) between climatology and El Niño  (left), and La Nina 

(right); (g-h) Anomalous latent heat flux due to the change of atmospheric states. 

όŀύ 9b ς /[a ό!{hύ q q όbύ Lb ς /[a ό!{hύ 

όc) 9b ς /[a ό!{hύ ὗ  ὗ  όdύ Lb ς /[a ό!{hύ 

όeύ 9b ς /[a ό!{hύ SLP&WND όfύ Lb ς /[a ό!{hύ {[tϧ²b5 

όgύ 9b ς /[a ό!{hύ ὗ  όhύ Lb ς /[a ό!{hύ ὗ  



81 
 

fields associated with El Niño (La Niña). As shown in Figs. 4.6e-f, El Niño (La Niña) 

induces anomalous northward (southward) cross-equatorial winds over the EEP region. 

The anomalous cross-equatorial winds result from an equatorially asymmetric SLP 

response to a symmetric SSTA forcing because the mean SST is much warmer north of the 

equator, where is favorable for convections, resulting in an associated mean rainband 

residing there (Fig. 4.7). Therefore, for example during El Niño, a positive precipitation 

anomaly and associated low pressure anomaly center appear to the north of the equator, 

which leads to anomalous northward cross-equatorial winds. Such winds strengthen the 

climatological mean northward wind (Fig. 4.7), leading to an increase of the wind speed 

and thus surface evaporative cooling in EEP (Fig. 4.6g). An opposite process works during 

La Niña (Fig. 4.6h). 

 

To sum up, with the aid of the analytical heat budget model, we demonstrate that the 

ODH is the dominant contributor for ENSO to affect annual cycle in EEP in ASO. 

Specifically, the ENSO impact is through the changes of anomalous temperature advection 

 

Figure 4.7 Horizontal distributions of climatological ASO seasonal mean precipitation 

(contours; unit: mm) and wind (vectors; unit: άϽί ) field. 
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by the mean vertical and meridional currents, anomalous zonal advection associated with 

the geostrophic current, and anomalous upwelling induced vertical advection. Besides, the 

ENSO induced thermodynamic processes also play a role. While anomalous water vapor 

induced downward longwave radiative flux tends to strengthen the ocean dynamic impact, 

the surface latent heat flux tends to offset the ocean dynamic effect. 

4.5 Impact of ENSO on the Annual Cycle during other Seasons 

4.5.1 ENSO mature phase 

In the previous section we focus our diagnosis during the season when the cold tongue 

is strongest. Would the impact of ENSO change during the subsequent seasons when the 

cold tongue weakens but ENSO amplitude increases first and then decreases? This 

motivates us to further examine the subsequent two seasons using the same diagnostic 

approach.  

 

 

 

Figure 4.8 NDJ seasonal mean differences between (a) El Niño  and climatology with 

respect to the observed MLT, diagnostic MLT, and the contributions from five individual 

terms averaged over EEP; (b) for La Nina. 



83 
 

 

Figs. 4.8a and b show the diagnosis result during the ENSO mature phase (NDJ). Note 

that ODH is still the dominant contributor for both El Niño and La Niña. While their signs  

are kept the same, the downward longwave radiative flux and the surface latent heat flux 

become stronger.  

Table 4.3 shows the contributions of individual ocean advection terms in NDJ. Note 

that the first two leading terms do not change, that is, the main dynamic contributors are 

still the anomalous temperature advections by the mean vertical and meridional currents 

(ὭȢὩȢȟύ‬ὝᴂȾ‬ᾀ and ὺӶ‬ὝᴂȾ‬ώ). The amplitude of the two terms appears stronger 

compared to the ASO season. The anomalous zonal and vertical advection terms 

( όᴂ‬ὝȾ‬ὼ and ύᴂ‬ὝȾ‬ᾀ), on the other hand, become weaker.  

The causes of the aforementioned changes are further examined. As El Niño and La 

Niña are approximately in a mirror image, we show the composite El Niño and La Niña 

patterns in Fig. 4.9. Because ENSO reaches its mature phase, the subsurface and surface 

temperature anomalies attain maximum amplitude during the season (Figs. 4.9a-b). This 

prompts stronger anomalous temperature advections by the mean vertical and meridional 

Table 4.3 Decomposed anomalous nine terms of the three-dimensional ODH 

(unit: ὅϽάέὲὸὬ ) averaged above the mixed layer depth over EEP in NDJ. Here 

overbar denotes the climatological annual cycle, and the prime represents the 

interannual anomalies. 

 όᴂ
‬Ὕᴂ

‬ὼ
 όᴂ

‬Ὕ

‬ὼ
 ό

‬Ὕᴂ

‬ὼ
 ὺᴂ

‬Ὕᴂ

‬ώ
 ὺᴂ

‬Ὕ

‬ώ
 ○

⸗╣ᴂ

⸗◐
 ύᴂ

‬Ὕᴂ

‬ᾀ
 ύᴂ

‬Ὕ

‬ᾀ
 ◌

⸗╣ᴂ

⸗◑
 

EN 0.05 0.04 0.00 -0.01 -0.02 0.35 -0.11 0.05 0.45 

LN  0.10 -0.05 0.07 0.02 0.06 -0.36 -0.12 -0.03 -0.52 
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currents. The weakening of όᴂ‬ὝȾ‬ὼ and ύᴂ‬ὝȾ‬ᾀ is primarily caused by the decrease 

of the mean zonal temperature gradient, and anomalous vertical currents in EEP (Figs. 

4.9c-d). The former is attributed to the annual cycle change as the seasonal mean zonal 

temperature gradient is largest during the strongest cold tongue season (ASO). As seen in 

Fig. 4.10a, the weakening of the anomalous vertical velocity in the oceanic mixed layer is 

mainly attributed to the decrease of zonal current divergence. The anomalous zonal 

currents in EEP do not change significantly because enhanced geostrophic currents 

associated with the deepened thermocline anomaly are offset by anomalous wind-induced 

Ekman currents (Fig. 4.10b). 

 

Figure 4.9 NDJ seasonal mean (a-b) meridional-vertical profile of anomalous ocean 

temperature (shadings; unit: C), and climatological ocean currents (vectors; ὺӶ in 1/2 άϽ

ί  and ύ in ρπ άϽί ) averaged from 120°W to 90°W. (c -d) Zonal-vertical profile 

of climatological ocean temperature (shadings; unit: C),  and anomalous ocean currents 

(vectors; όᴂ in άϽί  and ύᴂ in 1/2 ρπ άϽί ) along the equatorial region 

(averaged from -4°S to 2°N). Left side is for El Niño  and right side is for La Nina. 
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ENSO induced thermodynamic processes appear a little stronger in NDJ, as shown in 

Fig. 4.11. This is understandable as in the ENSO peak phase, take El Niño  for example, 

ὗ  becomes stronger due to the increased amount of the atmospheric water vapor, and 

the latent heat flux also becomes stronger due to strengthened SLP and cross-equatorial 

wind responses to the strongest SSTA forcing. While La Nina fields have opposite signs, 

resulting in a strong reversed impact. Note that the thermodynamic processes keep the same 

effects as anomalous water vapor induced downward longwave radiative flux tends to 

strengthen the ocean dynamic impact, the surface latent heat flux tends to offset the oceanic 

dynamic heating. 

 

Figure 4.10 A NDJ seasonal (a) anomalous vertical motions (unit: ρπ άϽί ), zonal 

(Ux) and meridional (Vy) divergence processes (unit: τ ρπ ί  ); (b) Anomalous 

zonal ocean currents, geostrophic zonal currents (UG; unit: άϽί ), Ekman zonal 

currents (UE; unit: άϽί ). Red and blue bars represent composite results for El Niño  

and La Nina, respectively. 
 

4.5.2 ENSO decaying spring 

The boreal spring (FMA) is the season of the weakest cold tongue. During this season 

the ENSO amplitude also decays rapidly (Fig. 4.1). Therefore, the ENSO impact on the 

annual cycle is weakest among the three seasons studied (Table 4.1). A surprising result is  


