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ABSTRACT

The atmospheric perturbation potential energy (PPE) over the tropical Pacific is calculated and analyzed

in a composite ENSO cycle. The PPE over the tropical Pacific troposphere increases during El Niño and

decreases during La Niña, displaying two centers symmetrical about the equator and delaying the central–

eastern Pacific SST anomaly by twomonths. Generated from atmospheric diabatic heating, the smaller part of

PPE in the lower troposphere varies synchronously with the central–eastern Pacific SST through sensible

heating, while the larger part of PPE lies in the mid- and upper troposphere and lags the central–eastern

Pacific SST about one season because of latent heat release. As the tropical Pacific PPE peaks during the

boreal late winter in an El Niño event, two anticyclones form in the upper troposphere as a result of the Gill

model response. More PPE is converted to atmospheric kinetic energy (KE) above the central–western

Pacific, but less over the eastern Pacific, leading to intensified Hadley circulations over the central–western

Pacific and weakened Hadley circulations over the eastern Pacific. The strengthened Hadley circulations

cause surface easterly wind bursts through KE convergence in the western equatorial Pacific, which may

trigger a La Niña event. The reverse situation occurs during La Niña. Thus, the response of the Hadley

circulations in the central–western Pacific provides a negative feedback during the ENSO cycle.

1. Introduction

El Niño–Southern Oscillation (ENSO) is a dominant

mode of ocean–atmosphere interaction in the tropical Pa-

cific Ocean on an interannual time scale. Although nu-

merous studies have investigated this phenomenon (e.g.,

Neelin et al. 1998, and references therein), few have paid

attention to the oceanic and atmospheric energetics during

El Niño or La Niña. Since the twenty-first century,

studies of ENSO energetics have provided a new per-

spective to help understand ENSO dynamics. Goddard

and Philander (2000) pioneered the research on the

oceanic energetics of ElNiño andLaNiña and found that
sea surface winds work against ocean pressure gradients

and generate buoyancy power; this is responsible for the

change of oceanic gravitational available potential energy

(Oort et al. 1989), which dominates the anomalous energy

of the tropical PacificOcean interannually. They also point

out that the ocean gains energy as the air–sea system

evolves from El Niño to La Niña and loses energy as La

Niña changes to El Niño. More recently, oceanic ener-

getics have been further investigated in terms of the pre-

dictability (Fedorov et al. 2003), stability (Philander and

Fedorov 2003; Fedorov 2007), energy budget (Brown

and Fedorov 2008, 2010), and diversity (Hu et al. 2014)
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Previous studies of ENSO energetics mainly focused

on the tropical Pacific Ocean for its large inertia, but

there are few studies on the atmospheric energetics, even

though the ENSO signal is also strong in the tropical

Pacific atmosphere. Li et al. (2011) found that, during

El Niño or La Niña, sea surface temperature anomalies

(SSTa) can influence the tropical and even global atmo-

spheric energies, leading to anomalous atmospheric cir-

culations. Thus, atmospheric energetic responses deserve

careful investigations to better understand how the

tropical SST forces the atmosphere. According to Lorenz

(1955), there is only a small percent of total potential

energy, defined as atmospheric available potential energy

[APE; APE in this paper refers particularly to the

available potential energy defined by Lorenz (1955)],

available for conversion to kinetic energy (KE) to

change the air motions; thus, APE plays a major part

in atmospheric energetics. Since APE is computed

on a global average, it is not a powerful tool to in-

vestigate the local atmospheric energetics. Li and Gao

(2006) proposed the atmospheric perturbation po-

tential energy (PPE) theory to extend APE to a re-

gional scale. Wang et al. (2015) found that the tropical

atmospheric PPE has a high partial correlation with

ENSO when the KE component is removed, but the

relationship between KE and ENSO is weakened

when removing the PPE signal. This indicates that

PPE acts as a bridge to link the Pacific Ocean and the

atmospheric circulations during ENSO. Thus, ana-

lyzing the energetic transport and conversion pro-

cesses of the topical Pacific atmosphere is an essential

part to understand the energy cycle of the tropical

Pacific air–sea system in ENSO events.

The anomalous atmospheric events that trigger El

Niño (La Niña) usually occur in the boreal spring, but

the events that result in the onset of El Niño and La

Niña remain debated (Lengaigne et al. 2004). One of

the most common hypotheses is the impact of intra-

seasonal wind activities over the western Pacific, often

referred as westerly wind bursts (WWBs). Observa-

tional analysis (McPhaden et al. 1988; Vecchi and

Harrison 2000; Harrison and Chiodi 2009), case

studies (Chen et al. 2015; Hu and Fedorov 2016), lin-

ear theory (Godfrey 1975; McCreary 1976; Moore and

Philander 1977), and numerical modeling (Giese and

Harrison 1990, 1991; Boulanger et al. 2001; Belamari

et al. 2003, Lopez et al. 2013) have described the

mechanisms of how wind variability in the western and

central tropical Pacific can drive SSTa in the central

and eastern equatorial Pacific. WWBs are usually

considered external and part of a stochastic forcing

because of their short time scales, but some studies

have suggested that the occurrence and characteristics

ofWWBs depend to some extent on the state of ENSO

components (McPhaden and Yu 1999; Vecchi and

Harrison 2000; Yu et al. 2003; Eisenman et al. 2005;

Lopez et al. 2013). The oscillatory nature of ENSO

requires both positive (Bjerknes 1969) and negative

(e.g., Suarez and Schopf 1988; Jin 1997a,b; Picaut et al.

1997; Weisberg and Wang 1997) ocean–atmosphere

feedbacks. Since the westerly wind bursts are possibly a

triggering mechanism for El Niño, and easterly wind

bursts for La Niña, it is essential for ENSO feedback

mechanisms to explain how the increased SST in the

central–eastern Pacific during El Niño can result in

easterly wind bursts in the western Pacific that trigger a

La Niña event. In this study, the atmospheric energy

transport and conversion processes over the tropical

Pacific are explored based on two reanalysis datasets,

and the regional Hadley circulations over the central–

western Pacific are found to play an important role in

ENSO negative feedback as a result of its close link

with the western Pacific surface zonal winds. It aims

to deepen our understanding of tropical air–sea in-

teractions and mechanisms of negative feedback in the

ENSO cycle.

2. Theories and data

a. Atmospheric PPE

Margules (1910) proposed the atmospheric energy

availability first, but the concept of APE had not been

widely accepted until Lorenz (1955) formulated the

modern framework of atmospheric energetics. Al-

though APE helps diagnose the global atmosphere

energy budget (e.g., Oort 1964, 1971; Peixóto and

Oort 1974), it is not a powerful tool in analyzing re-

gional atmospheric energetics, because it is computed

on a global average. Therefore, several improvements

have been made to expand Lorenz’s APE theory to a

local sale (e.g., Smith 1969; Johnson 1970; Smith et al.

1977; Edmon 1978). Although these studies added the

boundary energy fluxes, they still adopted the original

APE formulation, which is not suitable to investigate

the local atmospheric energetics. Furthermore, APE

defines the minimum total potential energy (TPE) as

the atmospheric reference state when the stratifica-

tion is horizontal and statically stable; however, this

reference condition is ideal and physically unreach-

able. Because of these limitations, Gao et al. (2006)

defined the conditional minimum TPE as the refer-

ence state, as they found that the atmosphere is

under physical constraints during the adiabatic

redistribution. To formulate local APE, Li and

Gao (2006) proposed the PPE as the difference in
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atmospheric TPE between the actual state and the

conditional minimum reference state via adiabatic

redistribution:

PPE5P2P5
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where P is the actual total potential energy and p is

pressure; variables at the conditional minimum

reference state are denoted with an overbar; p00 is

the reference pressure (usually taken as 1000 hPa);

k5 R/cp, where R is the gas constant of dry air, and cp
is the specific heat at constant pressure; gd5 g/cp is the

dry adiabatic lapse rate; and u is potential tempera-

ture. We can expand P in series and write the PPE

equation in isobaric coordinates (detailed derivations

can be found in the appendixes):
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where PPEi is the ith-moment term of PPE; T 0 is the
perturbation temperature from the reference state;

and ps is the surface pressure. The local TPE deviated

from the global reference state is represented by PPE,

which reflects the perturbation of local atmospheric

isentropics from their global mean position. Accord-

ing to Li and Gao (2006), PPE1 is the dominant part of

PPE in the regional scale, which has not been ana-

lyzed in the previous studies. The higher-moment

terms of PPE depend on both perturbation tempera-

ture and vertical gradient of mean potential temper-

ature, but they are much smaller compared with PPE1

locally.

The governing equations of PPE1 and atmospheric

KE are

1

g
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where Ck represents the energy conversion between

PPE1 and KE: when Ck , 0, PPE1 is converted to KE,

and, when Ck . 0, KE is converted to PPE1; G repre-

sents the diabatic heating to the atmosphere; and D

stands for viscous dissipation. The HBF terms are the

horizontal boundary fluxes. The governing equations

show that the atmospheric adiabatic heating G first

changes PPE but cannot change KE directly; thus, it is

the energy conversion process Ck that serves as a bridge

to link the diabatic heating with the atmosphere

circulation change.

Therefore, the concept of PPE differs from the APE

mainly in two aspects: one is that it redefines the refer-

ence state as the conditional minimum energy state

through atmospheric adiabatic regulation under physi-

cal and mathematical constraints; the other is that PPE

retains the first-moment term PPE1, which is the

dominant part in the local scale. More details on the

derivation of PPE and related governing equations can

be found in the appendixes and the supplementary

materials in Wang et al. (2015). Several studies (Gao

and Li 2012, 2013;Wang et al. 2012, 2015; Li et al. 2016)

have shown that PPE can serve as a powerful tool in

exploring regional atmospheric energetics.

b. Data and method

Two datasets have been used for comparison: one is the

NCEP Reanalysis-2 (NCEP-2; Kanamitsu et al. 2002)

data provided by the NOAA/OAR/ESRL Physical Sci-

ences Division (PSD), Boulder, Colorado, from their

website (https://www.esrl.noaa.gov/psd/data/gridded/data.

ncep.reanalysis2.html), and the second is the monthly

European Centre for Medium-Range Weather Forecasts

(ECMWF) interim reanalysis (ERA-Interim; Dee et al.

2011). The period is from 1979 to 2015; the horizontal grid

resolution of both datasets is 2.58 3 2.58, because this study
mainly focuses on the large-scale atmospheric energetics.

In the vertical, 11 levels (1000–150hPa) are selected to

cover the whole troposphere. In addition, sensible and

latent heat flux and precipitation rate data from NCEP-2

are also used to analyze the diabatic heating. SST data are

from the Met Office Hadley Centre (Rayner et al. 2003).

PPE is calculated as the sum of PPE1 and PPE2, be-

cause the higher-moment terms of PPE are much

smaller and negligible. The Niño-3.4 index from the

Climate Prediction Center of the National Oceanic and

Atmospheric Administration (NOAA) is used to iden-

tify El Niño and LaNiña events. Composite analysis and

lead–lag correlation methods are adopted to analyze the

atmospheric energetic features. Since we want to see

how atmospheric and oceanic energies change during

the ENSO cycle, only ENSO events that contain an

El Niño–La Niña phase shift have been selected and
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composited (1982–84, 1987–89, 1994–96, 1997–99, 2004–06,

2006–08, and 2009–11).

3. PPE variation in the tropical Pacific during the
ENSO cycle

a. Temporal variability of PPE

The Niño-3.4 index is defined as the areal average of

SSTa in the central–eastern equatorial Pacific, re-

flecting the intensity of anomalous oceanic warming

or cooling therein. Similarly, the areal average of the

tropospheric PPE anomaly (PPEa) over the tropical

Pacific (308S–308N, 1508E–908W) is defined as the

PPE index. Standardized time series of PPE and Niño-
3.4 indices are shown in Figs. 1a,c. Meanwhile, the

lead–lag correlations of the two indices are given in

Figs. 1b,d.

The PPE index shows a positive correlation, remark-

able from both datasets, with the Niño-3.4 index inter-

annually. This demonstrates that the tropospheric

atmosphere over the tropical Pacific gains more energy

in El Niño when the central–eastern Pacific is warmer,

while during La Niña, when the central–eastern Pacific

Ocean is colder, less energy is transported from the sea

to the air. The high correspondence indicates a strong

air–sea coupling effect during ENSO events.

Furthermore, the PPE index does not change syn-

chronously with the Niño-3.4 index, which is more

clearly demonstrated in the lead–lag correlations in

Fig. 1b,d: The PPE index lags the Niño-3.4 index about
2months in both two datasets, showing that the tropical

Pacific atmosphere has a delayed response to the

central–eastern Pacific SST heating or cooling. When

an El Niño event reaches its mature phase in Decem-

ber, the PPE over the tropical Pacific continues in-

creasing and peaks in February of the next year. Such

delayed atmospheric response has been previously

noticed and confirmed (Angell 1981; Pan and Oort

1983; Reid et al. 1989; Kumar and Hoerling 2003; Su

et al. 2005; Li et al. 2011). The lagged response dem-

onstrates that energy is initially stored in the tropical

Pacific Ocean and then released to the atmosphere

above. Since the atmosphere reacts to the diabatic

heating quickly, the 2-month lag indicates that, al-

though SST reaches its maximum in December, the

diabatic heating to the atmosphere is not in pace with

SSTa but lags it by about 2 months.

b. Spatial variation of PPE

The seasonal mean SSTa and the tropospheric PPEa

in the tropical Pacific region are shown in Figs. 2 and 3

in a composite ENSO cycle. Here, we define the El Niño
developing year as year21, the El Niño decaying and La

FIG. 1. (a) Standardized time series of the Niño-3.4 index (dotted line) and the PPE index (solid line) based on NCEP-2 data. (b) The

lead–lag correlation between Niño-3.4 and the PPE index with NCEP-2 data (solid line). Positive values indicate that PPE lags Niño-3.4.
The dotted line is the autocorrelation of the Niño-3.4 index; dashed lines show the 95% confidence level (the Student’s t test). (c),(d) As

in (a),(b), but using ERA-Interim data.
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Niña developing year as year 0, and the La Niña de-

caying year as year 1. In spite of some discrepancies, the

PPEa spatial patterns from the two datasets are quite

similar. In the boreal summer and autumn of year21, as

the central–eastern Pacific SST rises, the PPE over the

tropical Pacific increases as well and displays two max-

imum centers with its southern part stronger. In the

boreal winter of year 0, when El Niño reaches its peak

phase, the anomalous PPE shows twomaximum centers,

lying symmetrically about the equator between 1508 and
1208W. This two-center distribution is consistent with

the Gill (1980) model response to the tropical atmo-

spheric diabatic heating. The heating center in the Gill

model is around 5km in the tropical atmosphere rather

than in the air–sea interface, indicating that the heating

center to PPE lies in the midtroposphere. In MAM of

year 0, El Niño decays quickly and PPE also weakens. In

JJA of year 0, the central–eastern Pacific SST becomes

anomalously cold, and PPE returns to its normal state.

In the following boreal autumn and winter, as La Niña
develops andmatures, PPEa shows two negative centers

on both sides of the equator in the central Pacific Ocean.

The process and distribution of PPE variability during

La Niña is similar to that in El Niño but in a reverse sign.

It is also noted that, although SSTa is mainly confined to

the equatorial zone, the PPEa signal extends more

widely; this is because air has a much smaller heat con-

tent than water and expands more in volume when it

absorbs the same amount of heat.

The seasonal evolution shows PPE changes in pace

with SST, but the 2-month phase lag is not significant on

the seasonal scale. To capture more details of PPE

variation during the ENSO cycle, monthly data are an-

alyzed both horizontally and vertically. Figure 4 shows

the time–latitude variation of the zonally averaged

tropical Pacific PPEa at the lower (Figs. 4b,g), middle

(Figs. 4c,h), upper (Figs. 4d,i), and the whole (Figs. 4e,j)

troposphere. The time–latitude evolution of the central–

eastern Pacific SSTa is also given (Figs. 4a,f). SST

changes mainly in the equatorial zone. The peak phase

of El Niño and La Niña lies in December, showing a

‘‘phase locking’’ characteristic.

Comparing the variations of PPEa on different layers

with SSTa separately, PPEa at the bottom of the tro-

posphere changes consistently with the SSTa. There is

no time lag between the two, and they both show their

FIG. 2. Seasonal evolution of SSTa and PPEa in a composite ENSO cycle based on NCEP-2 data. Color shading is composite seasonal

SSTa (8C); contour lines are seasonal tropospheric PPEa (106 Jm22; negative values are indicated by dashed contours; areas within the

thick contours are significant at the 95% confidence level).
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anomalous centers at the equator. This temporal and

spatial consistency indicates the energy change in the

low-level troposphere is directly linked to the SST

change, and the heat release from the ocean is instant.

However, when rising to the midtroposphere (600–

300 hPa), PPEa splits into two centers on both sides of

the equator and fills the whole tropical Pacific between

308S–308N. This reflects that the tropical atmosphere

has a larger spatial response scale and is linked to the

Gill-type dynamic structure. Compared with the PPEa

in the low layers, the PPEa in the midtroposphere is

much larger in quantity, demonstrating that the atmo-

sphere gains PPE in El Niño or loses PPE in La Niña,
mainly in the midtroposphere. Moreover, the midlayer

PPEa has a 2-month lag to the SSTa, which is not found

in the bottom layers. In the upper troposphere, the PPEa

bears similar features to that in the middle layers but is

less significant. The spatial and temporal inconsistency

between the SSTa and the mid-to-upper-tropospheric

PPEa implies that heating or cooling of the Pacific

Ocean influences the mid- and upper-level tropospheric

PPEa not in a direct way but through other mechanisms.

The previous analysis shows that the tropical Pacific

PPE displays an uneven distribution vertically; the time–

height variations of the areal mean tropical Pacific PPEa

(308S–308N, 1508–908W) in Fig. 5 illustrate this character

more clearly. In the beginning of year21, PPE becomes

anomalously positive at the low layers (1000–700hPa),

and the PPE over 700 hPa is still anomalously small at

this time. In the boreal summer of year 21, there exist

two PPE positive centers—one below 700hPa and the

other between 300 and 400 hPa—indicating the atmo-

sphere starts to gain energy in the lower and middle

troposphere separately during this time. In February of

year 0, the PPEa has its maximum center between 500

and 300hPa, mainly in the midtroposphere. During La

Niña, the bottom of the atmosphere loses energy ini-

tially, and the midlayer PPE sharply decreases in Feb-

ruary of year 1. In addition, the lead–lag correlations

between the Niño-3.4 index and the PPE index at dif-

ferent layers in Figs. 5c,d show that there is no time lag in

the lower troposphere, but a 2-month lag of PPEa exists

in the mid- and upper troposphere.

Therefore, during El Niño and La Niña, the variation

of the tropical atmosphere PPE has its strongest part in

the middle layer of the troposphere, displaying a Gill

model distribution and lagging the central–eastern Pa-

cific SSTa by about 2 months. In the low-level tropo-

sphere, the tropical Pacific PPEa bears the same features

with the central–eastern Pacific SSTa both in space and

FIG. 3. As in Fig. 2, but using ERA-Interim data.
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time. The uneven PPEa variability in vertical indicates

that there are different mechanisms that influence the

atmospheric PPE in the lower and middle troposphere.

c. Diabatic heating to the tropical Pacific atmosphere

Equation (3) shows that the variation of PPE is

influenced by diabatic heating G, energy conversion

with KE Ck, and boundary flux HBF. The three terms

over the tropical Pacific were calculated and compared

(not shown here), and the diabatic heating is the leading

term. Besides, Ck and HBF are the inner atmospheric

processes that are not linked to SST forcing; thus, we

focus onG, because it dominates the PPE variation and

reflects how anomalous SST can influence the atmo-

sphere as well.

To investigate the influence of diabatic heating from

the Pacific Ocean, sensible heat flux and latent heat re-

lease are analyzed. Figure 6 illustrates the time–latitude

FIG. 4. (a),(f) Composited time–latitude plots of zonally averaged SSTa (8C) of the tropical central–eastern Pacific throughout the

composite ENSO cycle. Composited time–latitude variations in zonally averaged PPEa (Jm22) of the tropical Pacific atmosphere (1508–
908W) at the (b) lower (1000–850 hPa), (c) middle (600–300 hPa), (d) upper (300–150 hPa), and (e) the entire troposphere (1000–150 hPa),

using NCEP-2 data. Shaded contour intervals are 23 105 Jm22 in (b)–(d) and 13 106 Jm22 in (e). (g)–(j) As in (b)–(e), but using ERA-

Interim data. Solid contours surround areas that are statistically significant at the 95% confidence level.
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zonal mean of the temperature difference between the

sea and the air (SST2 T )—sensible heat flux anomalies

in the central–eastern Pacific Ocean. In year21, as SST

becomes warmer, SST2 T gets larger, and sensible heat

is transported from the Pacific Ocean to the atmosphere.

The sensible heat varies consistently with SSTa, and

they both reach either a maximum or a minimum in

December. Although SSTa can extend 158 in meridional

direction, the scope of SST 2 T is narrower, mainly

confined in the equatorial zone; thus, the sensible

heating is narrower in meridional direction. Compared

with the PPEa at the bottom of the atmosphere, PPEa

shows no time lag with sensible heat, but it extends to be

wider. This is because air has a small heat content, which

expands more in volume when absorbing the same

amount of heat, and the heat transport processes in the

atmosphere through turbulence and wind advection are

also stronger.

Since the atmospheric PPE over the tropical Pacific

has its largest part in the middle of the troposphere,

which splits into two centers and lags the SSTa by about

2 months, the diabatic heating is expected to be strong

in the midtroposphere. Latent heat can only be re-

leased in the atmosphere when water vapor condenses;

thus, the precipitation rate can serve as proxy data to

measure the intensity of latent heat release. Figure 7

shows the time–latitude variations of SSTa, surface

latent heat net flux anomaly, precipitation rate anom-

aly, and the midlevel PPEa in the tropical Pacific region

in a composite ENSO cycle. There is increased latent

heat flux from the sea in El Niño and decreased latent

heat flux in La Niña. Though no time lag exists in the

surface latent heat flux anomaly, the 2-month lag is

quite significant in precipitation anomalies. Tao et al.

(2001) and Schumacher et al. (2004) have found that

the latent heating profile in the tropical troposphere

contains the maximum stratiform heating in the upper

troposphere, the maximum convective heating in the

midtroposphere, and the dominant stratiform cooling

in the lower troposphere. Besides, they point out that,

over the central and eastern Pacific, the monthly mean

latent heat profile has its maximum near 8 km; this is

also the location of the largest PPE variation center. In

temporal variability, the atmospheric latent heating

anomaly lags SSTa by about 2 months, because the

precipitation rate shows the delayed response. This is in

agreement with the time lag of midlevel atmospheric

PPEa in Fig. 7d. The time and spatial consistency be-

tween the latent heat release and the midlevel PPEa

demonstrates the strong diabatic heating or cooling

FIG. 5. (a) Time–height plot of mean tropical Pacific PPEa (308S–308N, 1508–908W) throughout the composite

ENSO cycle with NCEP-2 data. Shaded contour intervals are 13 105 Jm22. Solid contours surround areas that are

statistically significant at the 95% confidence level. (c) Lead–lag correlations between the Niño-3.4 index and PPEa
at different tropospheric layers [low (dashed), middle (solid), and upper (dotted) layers] based on NCEP-2 data.

Positive values mean PPE lags the Niño-3.4 index. (b),(d) As in (a),(c), but with ERA-Interim data.
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effect of latent heat release on the midtropospheric

PPE in ENSO events.

Thus, the diabatic heating from the ocean influences

atmospheric PPE in two aspects: near the sea surface,

the atmospheric PPE is directly associated with SSTa

through sensible heat exchange; and, in the midtropo-

sphere, the latent heating is the major source of PPE.

The delayed response of latent heat release accounts for

why the atmospheric PPEa lags the SSTa by about

2 months. This is also reflected in Fig. 5, where there

exist two separate centers, one below 700hPa and the

other between 300 and 400 hPa, indicating two heating

processes coexist during El Niño development.

4. Energy conversion between PPE and KE

Equations (3) and (4) demonstrate that atmospheric

energy can be converted between PPE and KE through

Ck, which is defined as

C
k
5

1

g

ðps
0

(va2va) dp , (5)

where v is the vertical velocity in pressure coordinate,

and a is air specific volume. When cold air ascends or

warm air descends, Ck is positive and energy is con-

verted from KE to PPE. Conversely, when warm air

ascends or cold air descends, Ck is negative, and PPE is

converted to KE.

Figure 8 shows the time–longitude variations in tro-

pospheric Ck anomalies (averaged between 108S and

108N) during a composite ENSO cycle. The two datasets

show similar results: After El Niño matures, Ck reaches

its minimum, and more PPE is converted to KE to in-

crease the atmospheric circulation intensity; however,

during LaNiña,Ck is anomalously positive, and less PPE

is converted toKE, weakening the atmosphericmotions.

The temporal variations between Ck and PPE are con-

sistent and lag SSTa by about 2 months, indicating that

atmosphere gains or loses energy from the diabatic

heating and changes its circulation through the energy

conversion process.

In spite of the PPE anomalous centers lying between

1508 and 1208W, Ck shows its maximum or minimum

around 1808 in the central–western Pacific. Meanwhile,

Ck in the easternmost part of the equatorial Pacific ex-

hibits the opposite sign, although it is not quite signifi-

cant. Figure 9 illustrates this feature more clearly:

Figs. 9a,b give the same results onCk variations over the

central–western Pacific in Fig. 8. However, Figs. 9c,d

FIG. 6. Time–latitude variations in zonally averaged variables during a composite ENSO cycle: (a) SSTa (8C), (b) anomaly of the

temperature difference between sea and air (8C), (c) net sensible heat flux anomaly (Wm22; positive values indicate an upward flux), and

(d) PPEa (Jm22) at the bottomof the atmosphere (1000–850 hPa; shaded contour interval is 105 Jm22). Solid contours surround areas that

are statistically significant at the 95% confidence level.
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show the Ck anomalies in the eastern Pacific have the

opposite signs compared with that in the central–western

Pacific, meaning that the atmospheric circulations weaken

in El Niño and strengthen in La Niña over the eastern

Pacific. The unvarying values of the area-averagedCk over

the two regions in Figs. 9e,f also demonstrates the opposite

energy conversion processes.

Thus, the opposite energy conversion processes lie on

the east and west of the PPEa centers, indicating that the

changed atmospheric PPE has different influences on

FIG. 7. Time–latitude variations in zonally averaged variables during a composite ENSO cycle. (a) SSTa (8C), (b) net latent heat flux
anomaly (Wm22) from NCEP-2 data, (c) The precipitation rate anomalies (kgm22 s21), and (d) PPEa (Jm22) in the midtroposphere

(600–300 hPa; shaded contour interval is 105 Jm22). Solid contours surround areas that are statistically significant at the 95%

confidence level.

FIG. 8. Time–longitude variations in tropospheric Ck (Wm22) anomalies during a composite ENSO cycle with

(a) NCEP-2 and (b) ERA-Interim data; negative values indicate energy converted from PPE to KE. Solid contours

surround areas that are statistically significant at the 95% confidence level.
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the atmospheric circulations over the central–western

and eastern Pacific, including the surface wind stresses,

which are of great importance in ENSO dynamics.

5. Energetic effects on atmosphere circulations

a. Response of regional Hadley circulations

The remarkable change of PPE and the energy con-

version processes are expected to influence the atmo-

sphere circulations over the tropical Pacific in the boreal

late winter or early spring after ENSO peaks. It is nat-

ural to shed light on the two dominant circulations in the

tropics: the Walker circulation and the Hadley circula-

tion. The Walker circulation is an inner part of the air–

sea interaction that provides the positive feedback in

ENSO dynamics, varying synchronously without any

delayed response to the SST. In contrast, the Hadley

circulation lags the SST and changes significantly in the

decaying phase of ENSO events, which is congruent

with PPE and Ck in time (analyzed in the following).

This indicates that the Hadley circulation plays an im-

portant role in the air–sea interaction after ENSO

matures, and we, thus, focus on the regional Hadley

circulations and try to explain what effects they may

have on the ENSO cycle.

First, we define the Hadley circulation index (HCI) as

the difference in themeridional velocitiesV between the

upper troposphere (600–150 hPa) and the lower tropo-

sphere (1000–400hPa). Figures 10 and 11 show how

PPEa and the Hadley circulation index evolve during a

composite ENSO cycle on a seasonal scale. In the boreal

summer and autumn of year 21, PPEa is centered

mainly in the southern tropical Pacific, and HCIs in the

Southern Hemisphere are negative in the west and

positive in the east, meaning that the Hadley circulation

over the southwestern Pacific strengthens, and the

Hadley cell over the southeastern Pacific weakens.

When entering boreal winter, PPEa has two anomalous

centers symmetrical about the equator, and the Hadley

circulation strengthens in the central–western Pacific

and weakens in the east in both hemispheres. This op-

posite change reflects that opposite energy conversion

processes occur on the east and west sides of the PPEa

center. During the boreal spring of year 0, a pair of the

strengthened Hadley cells in the west remains, but the

FIG. 9. Time–latitude variations in Ck (Wm22) averaged over the central–western Pacific during a composite

ENSO cycle with (a) NCEP-2 and (b) ERA-Interim data. Negative values represent energy converted from PPE to

KE. (c),(d) As in (a),(b), but averaged over the eastern equatorial Pacific. (e),(f) Standardized area-averaged PPEa

(red), central–western Pacific Ck (blue), and eastern Pacific Ck (black) using both datasets.
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weakened cells in the east disappear. As La Niña de-

velops in year 0 and matures in the boreal winter of year

1, the situation reverses: PPEa has minimum centers

around 1508W and the central–western Pacific Hadley

circulations weaken in both hemispheres, while the

eastern Pacific Hadley cells are stronger.

To see the temporal variations of the regional Hadley

circulations, we define the areal mean HCI over

the northwestern Pacific (08–308N, 1508E–1508W) as the

northwest Hadley circulation index (NWHCI) and the

areal mean HCI in the northeastern Pacific (08–308N,

1208–608W) as the northeast Hadley circulation index

(NEHCI). Similarly, the southwest HCI (SWHCI; 08–
308S, 1508E–1508W) and southeast HCI (SEHCI; 08–
308S, 1208–608W) in the Southern Hemisphere are also

defined. The lead–lag correlations between the four in-

dices and the Niño-3.4 index are illustrated in Fig. 12.

The results show that the Hadley circulations, in the

central–western and eastern Pacific in both hemi-

spheres, have a significant and delayed response to the

SST, which is consistent with the lagged responses of

PPEa and Ck. When focusing on the western Pacific

(Figs. 12a,c), NWHCI and SWHCI have opposite

correlations with the Niño-3.4 index, demonstrating that

theNorthernHemisphere clockwiseHadley circulations

and Southern Hemisphere anticlockwise Hadley circu-

lations in the central–western Pacific both intensify

during El Niño and weaken during La Niña. In contrast,

for the eastern Pacific, Figs. 12b,d show the Hadley

circulations weaken during El Niño and strengthen

during La Niña, which is opposite of the western Pacific.

Moreover, the linkage between SST and Hadley circu-

lation is stronger in the central–western Pacific, while

their correlations are much weaker in the eastern Pa-

cific. This is consistent with the stronger energetic con-

version processes over the central–western Pacific in

Fig. 8.

The opposite Hadley circulation responses are con-

trolled by both the energetic conversion processes and

the Gill-type dynamical structure: After El Niño ma-

tures, PPE increases, and two anticyclones form in the

upper troposphere as a result of the Gill response. To

the west of the PPE center, the southerly winds in the

Northern Hemisphere and the northerly winds in the

Southern Hemisphere strengthen, and there is wind di-

vergence in the upper troposphere; thus, upward wind

FIG. 10. Shading indicates the seasonal mean of the HCI (defined as Vupper 2 Vlower, see text; areas within thick black contours are

significant at the 95% confidence level). Contour lines are PPEa (106 Jm22; dashed lines indicate negative values) in a composite ENSO

cycle based on NCEP-2 data.
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increases in the central–western Pacific to strengthen the

local Hadley circulation. Meanwhile, as warm air rises,

Ck becomes negative, and there is energy conserved

from PPE to KE, which increases the local Hadley cir-

culation intensity as well. Thus, the overall effects make

the Hadley circulations increase significantly in the

central–western Pacific. On the other hand, there are

anomalous northerly winds in the NorthernHemisphere

and southerly winds in the Southern Hemisphere to the

east of the PPEa center, which indicates that there is

anomalous descending air in the eastern Pacific. As

warm air descends, Ck is positive, which is opposite of

the central–western Pacific. In the Gill model, the

downward wind in the east is weak, and the energy

conversion is not quite significant; thus, the Hadley cir-

culation signals are weaker in the east than in the

central–western Pacific. The situation reverses in the

decaying phase of La Niña.

b. Effect of Hadley circulation on ENSO phase
transition

The regional Hadley circulation change can have an

influence on the surface zonal winds, which is crucial in

ENSO dynamics. The lead–lag correlations between the

western Pacific surface zonal wind U and the in Fig. 13a

show that the westerly wind bursts in the western Pacific

about four months before El Niño matures, and easterly

winds increase in the summer of the next year. Com-

paring the results in Fig. 13c, U lags NWHCI similar to

the Niño-3.4 index shown in Fig. 13a, but the correla-

tions are more significant. The surface easterly wind

peaks in the western Pacific four months after the

central–western Hadley circulation intensifies. When

calculating the partial correlation between U and the

Niño-3.4 index by removing the NWHCI signal

(Fig. 13b), the positive correlation decreases, while the

negative correlations remain the same but are still not

significant. The weakened partial correlations indicate

that the central–western Pacific Hadley circulations

serve as a bridge in linking the central–eastern Pacific

SST and the central–western Pacific surface zonal winds.

On the other hand, when removing the Niño-3.4 signal,

the partial correlations betweenU andNWHCI increase

significantly (Fig. 13d). This demonstrates that the sur-

face zonal winds in the western Pacific have a more di-

rect link with the local Hadley circulation than with SST.

The results in Figs. 13e,f illustrate that there is strong

equatorial KE convergence in the western Pacific when

the Hadley circulations strengthen over the central–

western Pacific in El Niño. This surface KE convergence

FIG. 11. As in Fig. 10, but using ERA-Interim data.
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may explain how the strengthened Hadley circulations

increase the easterlies after El Niño matures, and vice

versa for La Niña.
Based on the above analysis, it is noticed that the

central–western Pacific Hadley circulations can change

the western Pacific surface zonal winds through the KE

convergence or divergence after ENSO matures. Since

the western Pacific surface zonal wind bursts are a trig-

gering mechanism of El Niño or La Niña, and the

Hadley circulation effect on the zonal wind bursts occurs

drastically in the boreal spring, this process may serve

as a negative feedback to reverse the ENSO phase. To

explain this negative feedback lucidly, a schematic dia-

gram is illustrated in Fig. 14.

Suppose a typical El Niño event develops in the

tropical Pacific, reaching its mature phase in Decem-

ber. The atmospheric diabatic heating increases and

reaches a maximum in February of the next year. The

latent heat release in the midtroposphere leads to an

atmospheric PPE increase in the form of the Gill

model response, with two anticyclones forming at the

upper troposphere over the central Pacific. The anti-

cyclonic circulations in the upper troposphere

increase the poleward meridional velocities to the

west of the PPEa center, which strengthen the rising

motion of the air. Thus, more energy is converted to

atmospheric KE, and Hadley circulations strengthen

in the central–western equatorial Pacific. Meanwhile,

the condition is opposite over the eastern Pacific

where the vertical velocities are quite weak, and the

local Hadley circulations weaken. As a result, the

central–western Pacific Hadley circulation converges

more KE to the equatorial zone and increases surface

wind power therein, while the weakened eastern

Hadley cells result in less KE convergence at the

equator. Thus, the easterly wind bursts occur in the

western equatorial Pacific region. With easterly wind

bursts in the western Pacific, the positive Bjerknes

feedback starts to dominate the air–sea interactions,

the equatorial current intensifies, the thermocline

slope gets steeper, and it is possible for a La Niña
event to develop.

On the other hand, after La Niña matures in De-

cember, the diabatic heating reaches a minimum in the

late boreal winter of the next year, leading to two min-

imum PPEa centers with cyclonic circulation symmetric

FIG. 12. Lead–lag correlations between the Niño-3.4 index and HCI for (a) NWHCI, (b) NEHCI, (c) SWHCI,

and (d) SEHCI. Solid lines are based on NCEP-2 data, and dotted lines are based on ERA-Interim data. Positive

values indicate that HCI lags the Niño-3.4 index, and thin dashed lines are 95% confidence levels.
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about the equator in the upper troposphere. During this

period, the tropical Pacific atmosphere has much less

energy than normal, and less energy is converted to at-

mospheric KE in the western Pacific. Thus, the Hadley

circulations weaken in the west but strengthen in the

east. As a result, the weakened central–western Pacific

Hadley circulations converge less KE and decrease wind

speed along the western Pacific equatorial zone. Con-

sequently, anomalous westerly wind bursts are likely to

occur in the western Pacific. This then may lead to

another El Niño event through the positive air–sea

feedback.

6. Summary

By comparing two reanalysis datasets, this study in-

vestigated variations in tropical Pacific atmospheric

energetics and their impact on the regional Hadley cir-

culations and proposed a possible negative feedback in

the atmosphere during anENSO cycle. The atmospheric

FIG. 13. (a) Lead–lag correlations betweenU and theNiño-3.4 index, whereU is the arealmean of western Pacific

surface zonal winds, and positive values indicateU lags the Niño-3.4 index. (b) As in (a), but removing the NWHCI

signal. (c) Lead–lag correlations betweenU and NWHCI. (d) As in (c), but removing the Niño-3.4 index. (e) Lead–
lag correlations between KE_div and NWHCI, where KE_div is the area mean of surface KE divergence over the

western Pacific. (f) Lead–lag correlations between dU/dt andNWHCI, where dU/dt is the time derivative ofU in the

western Pacific. The solid lines are calculated with NCEP-2 data, and the dashed lines are based on ERA-

Interim data.
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PPE has been used as a diagnostic tool to study the local

atmospheric available energetics in this study, since the

PPE theory redefines the minimum reference state and

extends the classic APE to a regional scale (Li and Gao

2006). Combining this with the ENSO oceanic energetics

(Goddard and Philander 2000; Brown and Fedorov

2010), a complete energy cycle of the tropical Pacific air–

sea system can be pictured in Fig. 15. From an energetic

view, onemajor issue is explored: how the anomalous SST

in the central–eastern Pacific influences the surface winds

in the western Pacific through the atmospheric energy

transport and conversion during a typical ENSO cycle.

Three main processes are involved:

1) SST anomalies influence atmospheric PPE through

diabatic heating. There is increased heat transported

from the ocean to the air in El Niño and decreased heat
release in La Niña. Two heating processes coexist in an

ENSO event: At the bottom of the troposphere, PPEa

is consistent with SSTa both temporally and spatially,

which is linked to sensible heating; in the mid- and

upper troposphere, PPEa shows two centers symmet-

rical about the equator in the central Pacific and delays

SSTa by 2 or 3 months, which results from the latent

heat release. Since the latent heat release ismuch larger

than the sensible heating, PPE has its maximum or

minimum centers mainly in the midtroposphere.

2) The energy conversion between atmospheric PPE and

KE. The energy conversion during ENSO is the most

intense over the central–westernPacific in the boreal late

winter or spring. In ElNiño, more energy is converted to

atmospheric KE to increase the Hadley circulation over

the central–western Pacific, while the atmosphere gains

lessKEandHadley circulationsweaken over the eastern

Pacific. The condition is opposite during La Niña.
3) Hadley circulations in the central–western Pacific

change the surface zonal winds in the western Pacific.

In El Niño, the central–western Pacific Hadley cir-

culations intensify and convergeKE to the equatorial

western Pacific, increasing the easterlies therein. In

contrast, during La Niña, the central–western Pacific

Hadley circulations weaken and decrease the local

surface zonal winds.

These three processes depict how the atmospheric

energetics respond to the ocean heating and provide a

FIG. 14. Schematic diagram of tropical Pacific atmospheric energy changes andHadley circulation negative feedback

in an ENSO cycle. Color shading indicates composite SST anomalies: red–yellow shading represents anomalously high

SST inEl Niño and blue shading represents anomalously low SST in LaNiña. Red circulation lines represent intensified

Hadley circulation, blue circulation lines represent weakened Hadley circulation, and line thickness indicates the in-

tensity of the Hadley circulation response. Black solid streamlines show the anomalously high PPE at the upper tro-

posphere in ElNiño, and black dashed streamlines show the anomalously lowPPE at the upper troposphere in LaNiña.

3650 JOURNAL OF CL IMATE VOLUME 30



possible explanation of how the central–eastern Pa-

cific SSTa can influence the surface zonal winds in the

western Pacific and why westerly or easterly wind

bursts mainly start to develop in the western Pacific.

From Fig. 15, as the surface winds change in the

western Pacific, they modify the ocean’s energy dis-

tribution, which in turn influences the sea surface

temperature. Thus, the modified energy distribution

forms a cycle in the ocean and atmosphere of the

tropical Pacific region, demonstrating the strong air–

sea interaction during ENSO events. In fact, the es-

sence of the air–sea interaction is the energy exchange

between the ocean and the atmosphere. Focusing on

the energetics makes the air–sea coupling process

physically understood.

However, it is also noted that ENSO events are full

of diversity and complexity. Furthermore, we have

compared the PPE response in strong and weak El Niño
events and found the PPE signal is significant even at the

top of the troposphere in strong El Niño events. Also,

the PPEs in eastern-Pacific (EP) and central-Pacific

(CP) El Niño events (Kao and Yu 2009) are also com-

pared, which shows that the PPE center is shifted

westward in the CP El Niño, where the maximum SSTa

lies in the central Pacific. The results demonstrate that

the atmospheric PPE variations are closely associated

with the intensity and location of SSTa in ENSO events.

Therefore, more detailed research on the PPE response

for different types of ENSO events and how PPE in the

tropical Pacific interacts with the atmospheric energy at

midlatitudes and over other ocean basins are essential in

a further stage.
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APPENDIX A

Atmospheric PPE

The total potential energy (TPE) of an air column per

unit area is

TPE5

ð‘
zs

r(gz1 c
y
T) dz5

1

g
d

ðps
0

T dp1 z
s
p
s
, (A1)

where r is air density; g is the gravitational accelera-

tion; zs is surface topography; cy is the specific heat at

constant volume; gd 5 g/cp, where cp is the specific

heat at constant pressure; T is temperature; p is pres-

sure; and ps is surface pressure. Considering an adia-

batic process, Eq. (A1) can be written in an isentropic

coordinate system:
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where u is potential temperature and us and ut are

potential temperatures at the surface and the tropo-

pause, respectively; k 5 R/cp, where R is the gas

constant for dry air; and p00 is the reference pressure

(usually 1000 hPa). In Eq. (A2), the TPE of an air

column contains two parts: the first term on the left is

the atmospheric energy part; the second and third

terms combined are associated with the surface

conditions.

Li and Gao (2006) defined PPE as the atmo-

spheric TPE difference between the actual state

and the reference state via adiabatic redistribution.

Lorenz (1955) defined the reference state as the

minimum TPE when stratification is horizontal and

statically stable. Gao et al. (2006) found this minimum

FIG. 15. A schematic diagram of energy cycle in the tropical

Pacific air–sea system during ENSO events. The oceanic part is

fromBrown and Fedorov (2010), and the atmospheric part is based

on this study.
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TPE state is unreachable physically. They proposed a

conditional minimum TPE state (here we add an overbar

to the physical variables to denote this state) and dem-

onstrated that us 5 us and ut 5 ut during a dry adiabatic

process in the atmosphere; thus,

TPE
actual

2TPE
ref

5PPE1 SPPE, (A3)
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Here, PPE is the atmospheric perturbation poten-

tial energy, and SPPE is the surface perturbation poten-

tial energy that is related to the surface topographic

conditions. If we let p5 p1p0, PPE can be written in the

following form:
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The perturbation pressure p0 on an isentropic sur-

face and the perturbation potential temperature u0 on
an isobaric surface have the following relation:

p0(u)’2u0›p/›u (Lorenz 1955). PPE in isobaric co-

ordinates can be written as follows:
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Using the relation u0 5T 0(p00/p)
k, PPE can also be

written as follows:
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where the ith term at right denotes the ith-moment

term of PPE. According to Li and Gao (2006), in a

regional scale, the first-moment PPE1 is an order of

magnitude larger than PPE2, and, on a global average,

PPE1 diminishes, while PPE2 is the major term; the

other higher-moment terms are much smaller com-

pared to PPE1 and PPE2; thus, PPE can be approxi-

mated as follows:
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APPENDIX B

The Governing Equation of PPE1

The atmosphere thermodynamic equation is

c
p

dT

dt
2av5Q , (B1)

wherev5 dp/dt, andQ is the diabatic heating rate to the

atmosphere. Combing the continuity equation, Eq. (B1)

can be written as
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h
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When writing Eq. (B2) in the global reference state,

=h � (VhT) diminishes, and it becomes

›T
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1

›vT

›p
5

1

c
p

(av1Q) . (B3)

Similarly, we define the local temperature deviation to

the reference state asT 0 5T2T and get the equation of

T 0 using Eq. (B2) minus Eq. (B3):
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When integrating Eq. (B4) from the surface to the top of

the atmosphere,
Ð ps
0
›/›p(vT2vT) dp diminishes, and it

becomes
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Since PPE1 5 g21
d

Ð ps
0
T 0 dp, Eq. (B5) can be trans-

formed into the governing equation of PPE1:
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From Eq. (B6), the atmospheric PPE1 is controlled with

three terms: the energy conversion with KE Ck, the di-

abatic heating rate G, and the horizontal boundary

fluxes of PPE1 HBF.
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