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ABSTRACT
In this paper we study the Lorenz energy cycle of the Walker circulation associated with ENSO. The robust formulation
of the energetics allows drawing a clear picture of the global energy and conversion terms associated with the three
dimensional domains appropriate to qualify the large scale transfers that influence, and are influenced by, the anomalies
during ENSO. A clear picture has emerged in that El Niño and La Niña years have approximately opposite anomalous
energy fluxes, regardless of a non-linear response identified in the potential energy fields (zonal and eddy). During El
Niños the tropical atmosphere is characterized by an increase of zonal available potential energy, decrease of eddy
available potential energy and decrease of kinetic energy fields. This results in weaker upper level jets and a slowingdown of the overall Walker cell. During La Niñas reversed conditions are triggered, with an acceleration of the Walker
cell as observed from the positive anomalous kinetic energy. The potential energy in the Walker circulation domain
during the cold phase is also reduced. An equally opposite behavior is also experienced by the energy conversion terms
according to the ENSO phase. The behavior of anomalous energetics seems to be triggered at about the same time when
ENSO starts to manifest for both the positive and negative phases, suggesting a coupled mechanism in which
atmospheric and oceanic anomalies interact and feed back onto each other.
Keywords: Walker Circulation; Energetics; El Niño; La Niña; ENSO

1. Introduction
The Walker circulation (WC) can be defined as a longitudinal overturning circulation that is closely tied to the
east-west SST gradient along the equatorial Pacific Ocean
[1]. It consists of rising motion and easterly flow at low
levels in the western Pacific and westerly flow at upper
levels and sinking motions in the eastern Pacific. The
intensity of the WC substantially decreases when the
winds in the eastern Pacific weaken, a pattern that, according to Bjerknes, is related to the weakening of the
sea surface temperature (SST) gradient. Bjerknes concluded that the WC would not exist in absence of a zonal
SST gradient. However, [2] carried out a scale-analysis
of the thermodynamic energy equation and verified that
both radiative heating and the evaporation rate could be
neglected when compared with latent heat release in
*
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driving the ascent motions in the WC. Consequently, the
authors carried out a radiation budget analysis of the
equatorial region and noted that there is a near balance
between local evaporation and the downward solar energy flux. According to this result, the evaporation rate
which Bjerknes considered as one of the main driving
forces for the WC could not produce ascending motions
over the western Pacific due to attenuation resulting from
cloud cover.
[3] employed an Atmospheric General Circulation
Model (AGCM) to evaluate changes in the spatial behavior of the WC under different zonal SST gradients
and showed that when the zonal SST gradient is completely absent the spatial pattern of the WC is notably
disturbed. Their results suggest that the zonal SST gradient is important to modulate spatially the WC, but not
to drive it. In order to study the energy and moisture
budgets of the WC, [4] designed a set of numerical exACS
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periments with an AGCM and showed that the correlation between precipitation and moisture convergence is
stronger than the relationship between precipitation and
local evaporation. These results support the idea that rising motions in ascending branches of the WC are related
to moisture convergence instead of evaporation as proposed by Bjerknes.
Using a two-box model, representative of a cold and
warm pool atmosphere denoted, respectively, by CPA
and WPA, [5] suggested that the air cooling over the
CPA box representative of a region free of convection
would be produced by the horizontal moisture transport
from this region toward higher temperature areas; i.e., the
WPA which is representative of net upward motions and
a region of deep convection. [6] showed that the intensity
of the WC, quantified in terms of the magnitude of vertical motions, would be to a first approximation determined by subsidence-induced warming being balanced
by radiative cooling over the eastern Pacific. Moreover,
according to [6] the descending motions are the main
driving of the WC and the upward motions that occur in
western Pacific would be a consequence of the former. [7]
based on numerical simulation showed that the WC has
slowed down due to a decrease in the zonal SST and
mean sea level pressure gradient in the last decades. According to the authors, the decrease in the zonal atmospheric overturning circulation above the tropical Pacific
Ocean is presumably driven by oceanic rather than atmospheric processes.
From an annual mean analysis of the heat balance of
the WC [8] showed that ascending motion in the WC’s
upward branch is determined by the joint effect of latent
heat and radiative cooling processes while infrared radiation loss is associated with sink motions on the WC’s descending branch. Once warm air rises and relatively cold
air sinks, respectively, over the western and eastern equatorial Pacific basin there is a continuous conversion between potential and kinetic energy; however, what maintains the apparently continuous generation of the kinetic
energy reservoir at the expense of available potential
energy had not been quantified yet. The importance of
measuring the energy reservoirs and the way they are
transformed into another kind of energy (potential to
kinetic or vice-versa) has been emphasized in many studies of open ([9-16]) and closed ([17-23]) domains. Thus,
in order to quantify the generation of potential energy,
the conversion between potential and kinetic energy, and
the sources and sinks of available potential and kinetic
energy, the present study focuses on the atmospheric
energetics involved in the WC and its behavior for strong
ENSO phases.
The paper is structured as follows: Section 2 describes
the data and methodology used in this work, with an application of the Lorenz energetics technique. In Section
3.1, we present a volume integrated energy cycle, with an
Copyright © 2013 SciRes.
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analysis of the energy cycle for normal and ENSO conditions. In Section 3.2, we present the climatological vertical-time distribution of the main energy components
relative to Walker circulation domain, stressing the main
energy mechanism responsible by the maintenance and
strength of the Walker circulation. This is followed by an
analysis of the energetics for the Walker circulation domain for a composite of El Niños and La Niñas focusing
on the energy patterns which drove the differences in
each energetic behaviors (Section 3.3). In Section 4, we
present a discussion about the main findings. We conclude in Section 5 with a description of the energy cycle
evolved in the maintenance of the Walker circulation and
their patterns during ENSO events. Furthermore, we suggest future applications of the energetics to quantify the
Walker circulation’s intensity changes from a climate
change perspective.

2. Data and Methodology
To compute the energetics proposed in this study daily
mean data of geopotential (Φ), air temperature (T), zonal
(u), meridional (v) and vertical (w) components of the
wind velocity in a regular horizontal space of 2.5˚ × 2.5˚
grid resolution from NCEP/NCAR Reanalysis 2 for 12
standard isobaric levels (1000, 925, 850, 700, 600, 500,
400, 300, 250, 200, 150 and 100 hPa) were used. The
data cover a period of 33 years (1979 to 2011) and was
extracted from the NOAA-CIRES Climate Diagnostic
Center available on the website http://www.cdc.noaa.gov.
The computation of the energetics for the Pacific WC is
applied to an area limited by the latitudes of 10˚S and
5˚N, and longitudes 120˚E and 80˚W. Although the WC
is observed globally with branches of varying intensity
over all basins, in the present work we concentrate on the
largest and strongest cell observed over the Pacific
Ocean. A slight asymmetry in relation to the equator is
also observed on an annual basis. Figure 1 shows the
climatological values of omega and zonal wind over
three different latitudinal bands within the 10˚S - 10˚N
region around the Equator. As shown by this figure, our
chosen range of 10˚S - 5˚N has a slightly enhanced distinction between the ascending and descending branches
between the western and eastern boards of the Pacific
sector of the cell. Hence, this area optimizes a balance
between ascending and descending motion when calculating the energetics. The slight asymmetry occurs because most of the subsidence on the eastern branch occurs to the south of the Equator, where the waters are
significantly colder. Additional tests were performed for
several slight variations of the original domain, and the
core of our results is unchanged.
Mass integrals required for the computation of the energetics are numerically evaluated for the whole troposphere from 1000 to 100 hPa. To compute generation of
available potential energy, diabatic heating is required.
ACS
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As this variable is directly produced by the radiation and
convection parameterization in numerical models and is
classed as type-C variables, we instead compute the diabatic heating as a residual from the balance equations
[24]. In this case the residual express the sum of all kinds
of diabatic heating involved into the atmosphere, ex:
diabatic heating due to the condensation of moisture,
sensible heating, diabatic cooling due to thermal radiative processes and short wave radiation. The Lorenz energetics analysis, including generation, conversion and
dissipations of kinetic and potential energy are shown in
terms of monthly and annual means.

(a)

Lorenz Energetics

(b)

(c)

W

E

Figure 1. Annual climatology of omega and zonal wind associated with the Walker Circulation for (a) 10˚S - 10˚N, (b)
10˚S-Equator and (c) 10˚S - 5˚N relative to the period of
1979 to 2011. The W and E mark the boundaries of our
environmental box that defines the energetics of the Pacific
sector of the Walker Circulation.
Copyright © 2013 SciRes.

A traditional and compact form of presenting the spatial
domain of atmospheric energetic was firstly suggested by
[25]. In this energetic frame of reference the kinetic as
well as the available potential energy are resolved into
the amounts associated with the zonally averaged fields
of motion and mass and the amounts associated with eddies ([25,26]). Lorenz defined zonal kinetic energy (KZ)
as the amount of kinetic energy which would exist if motion where purely zonal. Naturally, both u and v are included in this definition, as a spatial average taken over a
given latitude (see appendix A). On the other hand, eddy
kinetic energy (KE) would be the excess of kinetic energy over KZ or additionally the kinetic energy related to
the eddies in absence of zonal motion. Each energy type
is connected by conversion terms, which are produced or
destroyed by sources or sink terms. Furthermore, as discussed earlier, we here use the concept of limited area for
the energetics where the “zonal” and “eddy” components
are expressed as averages within a horizontal domain
incorporating the ascending and descending branches of
the Pacific WC. Within this framework the calculation of
the transport across the boundaries is also relevant. As
we will discuss in the next section, those term are in general at least one order of magnitude less than the energy
conversion terms, adding to the robustness of our findings.
Figure 2 shows that the Lorenz energy cycle consists
of four boxes denoting primary energy exchanges, including the zonal and eddy parts of the potential and kinetic energies within each box, with their connections
given by energy conversion terms representing different
dynamical process in the atmosphere (for instance, baroclinic and barotropic growth processes). The conversion
terms are labeled as CZ, CA, CE and CK, respectively,
denoting the conversion from AZ (zonal available potential energy) into KZ (zonal kinetic energy), AZ into AE
(eddy available potential energy), AE into KE (eddy kinetic energy), and KE into KZ respectively. The complete set of boundary transport terms resulting from the
limited area calculation are also indicated (terms starting
with “B”). The magnitude of those terms will be disACS
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appearance of KZ and KE within the volume of the limited area associated with the work produced at its boundaries, BΦZ and BΦE, respectively. These additional
energy quantities are explicitly computed here and added
into the Lorenz box diagram.
Bellow we show the set of energy equations representing the Lorenz energy cycle used in this work.

CK
CE

BAE

AE

KE

BKE

B E
GE

RKE

Figure 2. Lorenz energy diagram for an open domain.

cussed in the next section.
According to [25], the CZ term depends upon the covariance between zonal means of vertical velocity and
temperature. CZ reflects the growth of KZ at the expense
of AZ when there is warm air rising and cold air sinking
latitudinally. The CA term depends upon the relation
between the meridional transport of sensible heat and the
meridional gradient of zonal averaged temperature, and
the vertical transport of sensible heat and the vertical
gradient of zonal averaged temperature. The CE term
depends upon the covariance between the omega vertical
motion and temperature. According to this conversion,
the term KE increases at the expense of AE when warm
air rises and cold air sinks longitudinally. These three
forms of energy quantities are known as baroclinic conversions as they are related with heat transport. The CK
term, named as barotropic conversion, depends upon the
horizontal (zonal and meridional) and vertical transport
of angular momentum. For instance, if CZ is positive
(negative), there is local growth of KZ (AZ) at the expense of AZ (KZ).
Negative values of conversion terms are not explicitly
displayed in the energy frame, but they are illustrated by
the inverse direction of the arrows relative to original
flow. The classic Lorenz diagram contains generation of
available potential energy and dissipation of kinetic energy for zonal and eddy parts (GZ, GE, DZ and DE). The
generation of AZ (AE) occurs when there is meridional
(zonal) differential heating.
As discussed before, in an open area of the atmosphere
the energy budget is complicated by the inclusion of
nonzero boundary transports of potential and kinetic energy. To take those into account, [27] included four new
components of the energy budgets representing the
transport of AZ, AE, KZ and KE (denoted, respectively,
by BAZ, BAE, BKZ and BKE) into or out of the
boundaries (Figure 2). In addition, [27] considered the
Copyright © 2013 SciRes.
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The equations of the four amounts of energy (AZ, AE,
KZ and KE), their conversions (CA, CE, CZ and CK),
generation (GE and GZ), dissipation (RKZ and RKE)
and boundary flux terms (BAZ, BAE, BKZ and BKE)
were applied successfully in a series of papers exploring
the energetics of open domains ([14,24,25,28]).
The equations of energy, conversions and boundary
fluxes used in this study are displayed in the Appendix.
BΦZ and BΦE terms represent the dynamical mechanisms which produce or destroy kinetic energy. As described by [27], this is due to the fact that BΦZ, BΦE,
CZ and CE derivatives involve a single term in the form
V.∇Φ, which represents the appearance of kinetic energy via a cross-isobaric flow towards low pressure. The
destruction of kinetic energy occurs when there is crossisobaric flow towards the high pressure.

3. Results
3.1. Volume Integrated Energy Cycle
The Lorenz energy cycle for the climatology, El Niño
and La Niña years (marked in colors inside the boxes) for
the summer season is shown in Figure 3. The convention
of the conversion cycle is given by the direction of the
arrows as in Figure 2. The energy diagram shows a 6.7%
decrease and a 15% increase in AZ, respectively for El
Niño and La Niña years. AE is reduced by 39% during El
Niños, while AE increases by 38.2% in La Niña years.
The values of kinetic energy reservoirs present the same
behavior, i.e., during El Niño years they are weakened
while in cold phases of ENSO they are strengthened:
29.1% (22.8%) decreases in KZ (KE) for El Niño conditions and 29.1% (14.6%) increases in KZ (KE) for La
Niña conditions are observed.
The boundary flux of AZ (BKZ) is negative for all
composites, working as a sink of zonal available energy,
ACS
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Figure 3. Lorenz energy cycle for the climatology, composite of El Niño (red) and composite of La Niña (blue). All
values are representative of DJF. Units are 105 J·m−2 for
energy terms and W·m2 for conversion, flux and work done
terms. All conventions follow the standard diagram outlined in Figure 2.

while BKE acts as a source of AE. Both terms undergo
magnitude changes during different phases of ENSO.
However, due to their low magnitudes relative to the
other terms in the energy balance their contributions to
the energy reservoirs are small. Climatologically, BKZ
acts as sink of KZ. During El Niño and La Niña years
BKZ acts as energy source and sink, respectively. The
boundary flux of KE, however, is positive, showing that
this term contributes to the rising of KE for all conditions.
Its contribution is reduced for El Niño conditions, and
increased during La Niña years.
As can be seen from the diagram we also note that the
energy cycle as a whole is weakening during El Niño
years and strengthening during La Niña years. The energy diagram reveals that the weaker/stronger Lorenz
energy cycle results from a decrease/increase in the conversion terms during El Niño/La Niña years.

3.2. Climatology of Energy and Conversion
Terms
Figure 4 shows the mean annual vertical distribution of
the generation and energy terms for the period 19792011. The generation of zonal available potential energy
is stronger (with negative values) in the upper levels in
most part of the year (Figure 4(a)). The values of generation of eddy available potential energy (Figures 4(b))
are positively stronger during the SH summer in the upper levels. A small patch of positive values is also seen
near the surface, particularly for the generation of zonal
potential energy. The negative upper level values can be
Copyright © 2013 SciRes.
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interpreted as potential energy destruction due to the
lowest air temperature in the upper troposphere. The
negative values of GZ is too a consequence of the relatively cold air ascent and a sink of the relatively warm
air.
The pattern of potential energy is showed in Figures
4(c) and (d). The field is relatively smooth with greater
values either close to the surface or around 300 hPa,
clearly associated with the stratification of the atmosphere ([19]). The kinetic energy (Figures 4(e) and (f))
reveals a very different pattern, with a marked upper
level maximum in late SH winter (Figure 4(e)) and a
more uniform distribution of its eddy component (Figure
4(f)) with maximum values during the SH summer in the
100 - 200 hPa layer. This field implies an influence of
the jet stream in the southern boundary of the domain at a
time when the Hadley cell is at its northernmost position.
The high values of kinetic and available potential energy
in the upper troposphere are in good agreement with [19,
29].
Figure 5 shows the climatology of the conversion
terms for the same period of Figure 4. The conversion
cycle starts with positive values of CZ (Figure 5(a)) indicating how zonal kinetic energy is generated from
available potential energy. The conversion is maximized
around 300 hPa from March to December where the
zonal available potential energy is greater. CA is predominantly negative in the upper levels (Figure 5(b))
indicating a production of zonal available potential energy in the expanse of eddy available potential energy in
the 400 - 200 hPa layer. This would be expected as the
domain is in the tropics and would act as a sink of eddies
propagating within Rossby ways from higher latitudes.
The remaining baroclinic term CE has a reasonably uniform pattern in the mid and upper levels indicating that
weak eddy disturbances are also observed to form on
average (Figure 5(c)). The energy cycle is completed by
a marked barotropic (production of KE by the transfer of
momentum) conversion during SH summer (Figure
5(d)). Thus, in a climatological perspective AZ continuously acts as a source of KZ in late SH summer from low
levels to the high troposphere, while KE partially supports the generation of KZ via barotropic conversion in
the upper levels during DJF.

3.3. Energy and Conversion Terms during El
Niño and La Niña Years
The results above help put in perspective the behavior of
the energetics relevant to the Walker circulation. Some of
the variability encountered is similar to the global energetics depicted earlier in the literature ([30]), with a vertical profile typical of the tropical/subtropical interface
area. Before we attempt to calculate the energy conversion anomalies associated with ENSO it is important that
ACS
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Figure 4. Vertical cross sections of generation of zonal available potential energy (a); Eddy available potential energy (b);
zonal available potential energy (c); Eddy available potential energy (d); Zonal kinetic energy (e) and Eddy kinetic energy (f)
terms for the period of 1979-2011. Units are W·m−2 (100 hPa)−1 for generation terms and J·m−2 (100 hPa)−1 for kinetic and
potential energy.

Copyright © 2013 SciRes.
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Figure 5. Vertical cross sections of conversion terms CZ (a); CA (b); CE (c); and CK (d) for the period of 1979-2011. The
units are W·m−2 (100 hPa)−1.

we test whether the anomaly patterns are robust for an
open area energetics such as the one adopted in this work.
Figures 6(a)-(f) show the climatological boundary fluxes
and work pressure terms calculated following. It is immediately apparent that most terms have a very low order
of magnitude, presenting a moderate degree of seasonal
variability implying that the transport across the boundaries may be slightly enhanced depending on the properties of the large scale flow. The work pressure terms are
of even lower order of magnitude compared to the transport terms. As we keep this result in mind, it will be easily apparent that the energy conversion terms denoting
the anomalies associated with the ENSO phase (to be
discussed next) are generally at least one order of magnitude larger than the aforementioned terms, which is a
clear indication that the interpretation of our results is not
contaminated by an artificial signature arising from
transport from outside the domain. Ultimately this implies that our interpretation stands as an enhanced energy
Copyright © 2013 SciRes.

conversion anomaly within the domain responding to the
ENSO phase. This is not surprising, as our original domain is fairly large in order to account for such a robust
signature. The anomalies associated with the ENSO
phase are discussed below.
Figure 7 shows the Lorenz energy terms for El Niño
years from year zero (genesis) to year +1 (maturation and
demise), with the anomalies (defined here as the difference between a composite of five El Niños and the climatology) superposed in color. From this result we can
see that El Niño years have a clear association with decreased eddy available potential energy in the upper levels during the early stage of year +1 (Figures 7(a) and
(b)). The zonal kinetic energy is slightly reduced in both
upper and lower atmosphere (Figure 7(c)). In the upper
levels the reduction of zonal kinetic energy is observed
from the late of year zero to the early of year +1, while
the reduction in the lower levels occurs in the early and
final stage of the El Niño (April of year zero to April of
ACS
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Figure 6. Vertical cross sections of boundary flux of AZ (a); Boundary flux of AE (b); Boundary flux of KZ (c); Boundary
flux of KE (d); BPHIZ (e) and BPHIE (f) terms for the period of 1979-2011. Units are W·m−2 (100 hPa)−1.

year +1). As observed in Figure 6(d) the El Niño events
is also related to a strong decrease in the values of eddy
kinetic energy in the upper levels from September to
December of year zero to January to July of year +1.
This suggests that, although the Walker circulation’s
intensity is reduced during El Niño years, the propagaCopyright © 2013 SciRes.

tion of baroclinic storms within the area is somewhat
enhanced.
The Lorenz conversion terms for El Niño years from
year zero to year +1 are presented in Figure 8. From July
of year zero to July of year + 1 there are positive anomalies of CZ (Figure 8(a)). This condition indirectly proACS
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Figure 7. Vertical cross sections of the Lorenz energy terms (AZ, AE, KZ and KE) for a composite of five El Niño episodes:
1982-1983, 1986-1987, 1991-1992, 1997-1998 and 2009-2010 (contour lines), and changes relative to climatological values
(color shaded). Units are J·m−2 (100 hPa)−1.

duces a deficit of eddy kinetic energy by the conversion
term CE, once more zonal available potential energy is
used to produce zonal kinetic energy instead of eddy
available potential energy. The negative anomalies of
zonal and eddy kinetic energy reservoirs (Figures 7(c)
and (d)) are in agreement with negative anomalies of CE
and CK. Negative anomalous values of CE suggest less
energy to be converted into eddy kinetic energy, while
negative anomalous values of CK in the upper levels
mean less energy to be converted into zonal kinetic energy from the eddies.
[31,32] showed a decrease in the intensity of the WC
as the climate warms. According to the authors this occurs due to a decreasing in the frequency of strong updrafts and an increasing in the frequency of weak updrafts. [8] points to a strong decrease of the WC in an environment with doubled CO2 concentration, inducing a
Copyright © 2013 SciRes.

significant rising in the SST over the Pacific Ocean. According to [33] the slowdown of the WC in a warmer
atmosphere is a response to a decrease in the zonal SST
gradient, a pattern associated with El Niño. From model
simulations [33] showed that the WC slowdowns as a
response to the eastward shift of atmospheric convection
from the Indonesian maritime continent to the central
tropical Pacific.
Figure 9 shows the energy terms associated with year
zero and year +1 of the La Niña composite within the
domain of the Walker circulation. From Figure 9(a) we
can see that only modest anomalies are observed during
La Niña years in the zonal available potential energy.
Importantly, these anomalies are of opposite sign compared to the pattern observed during El Niño years (Figure 7(a)). The eddy available potential energy presents a
marked upper level increase towards the beginning of
ACS
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Figure 8. Vertical cross sections of the Lorenz conversion terms (CZ, CA, CE and CK) for a composite of five El Niño episodes: 1982-1983, 1986-1987, 1991-1992, 1997-1998 and 2009-2010 (contour lines), and changes relative to climatological values (color shaded). Units are W·m−2 (100 hPa)−1.

year +1 (Figure 9(b)), contrasting with the opposite behavior observed during El Nino years. Significant
changes are also observed in the zonal kinetic energy
(Figure 9(c)). These are approximately opposite to the
anomalies observed during El Niño years, especially in
the genesis phase. The overall patterns, although approximately opposite between the positive and negative
phases, is not exactly symmetrical. Rather, the increased
kinetic energy seen in La Niña years (as opposed to the
decreased kinetic energy during El Niño years) cannot be
coming from anomalies in potential energy alone. This
implies a possible teleconnection with stronger jet streams
propagating into the area of study during La Niña years.
Finally, the eddy kinetic energy during La Niña years
(Figure 9(d)) also features an increase.
The conversion patterns for La Niña years are shown
in Figure 10. The production of zonal kinetic energy
Copyright © 2013 SciRes.

from zonal available potential energy (Figure 10(a))
shows a reduction for most of year zero until the end of
year +1. An opposite pattern is seen in the conversion
from zonal available potential to eddy available potential
energy (CA, Figure 10(b)) relative to the composite of
positive phase of ENSO. This shows that this particular
conversion, which is associated with sensible heat transport, is also affected by ENSO. No coherent patterns is
seen in the conversion term CE (Figure 10(c)), but there
is an overall suggestion of decrease in the upper levels
(200 hPa) and increase in the mid-levels (500 hPa). Finally, the barotropic conversion (CK, Figure 10(d)) is
approximately the opposite from what was observed
during El Niño years, implying an atmospheric balance
to try to restore the eddy kinetic energy lost during La
Niña years (negative values around 200 hPa). In the very
upper levels the pattern of CK is a mirror-like of the one
ACS
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Figure 8. Vertical cross sections of the Lorenz conversion terms (CZ, CA, CE and CK) for a composite of five El Niño episodes: 1982-1983, 1986-1987, 1991-1992, 1997-1998 and 2009-2010 (contour lines), and changes relative to climatological values (color shaded). Units are W·m−2 (100 hPa)−1.

observed in the area of the jet streams, possibly reflecting
the propagation of stratospheric gravity waves.

4. Discussion
In this article, we have studied changes in the Walker
circulation inferred by changes in the profile of the Lorenz energetics associated with ENSO. We first compiled
a robust climatology of energy and conversion terms associated with the large scale domain representative of the
Walker cell circulation over the Pacific Ocean, showing
how the energetics contributes to the establishment of the
Walker circulation. The potential energy shows two defined maxima at the surface and at about 300 hPa year
round, while the kinetic energy implies a well defined
upper level jet stream with maximum amplitude in late
SH winter.
The conversions associated with those terms above
Copyright © 2013 SciRes.

show that the jet stream associated with the upper level
branch of the cell is formed primarily via barotropic “decay” of eddy kinetic energy, and also partially via conversion using the existing reservoir of potential energy.
There is upper level dissipation of eddy potential energy
compatible with what would be expected of the tropical
circulation, with some generation of eddy kinetic energy
in the mid-levels.
The results show that ENSO has a marked impact on
the dynamics of these energy exchanges, with an approximate reversal of the spin up of the Pacific Walker
circulation between La Niña (circulation enhanced) and
El Niño phase (circulation suppressed). While the kinetic
energies are reduced throughout year zero and year +1
during the warm phase composite, the conversion terms
reveal that the anomalies peak during the genesis of the
events and reverse during their demise.
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Figure 10. Vertical cross sections of the Lorenz conversion terms (CZ, CA, CE and CK) for a composite of five La Niña episodes: 1984-1985, 1988-1989, 1998-1999, 1999-2000 and 2010-2011 (contour lines), and changes relative to climatological values (color shaded). Units are W·m−2 (100 hPa)−1.

During La Niña years zonal available potential energy
is reduced and the kinetic energy shows an opposite behaviour to what is seen during the warm ENSO phase.
This suggests that the source of the increased circulation
during La Niña years is a greater conversion rate from
the already existent potential energy, rather than changes
in the horizontal and vertical stratification. As a result, it
is plausible to say that while El Niño years see a modified reservoir of potential energy, during La Niña years a
significant acceleration of the circulation is measured.
This is similar to saying that La Niña simply reinforces
the climatological circulation.
The remarkable symmetry between the composites
used for the energy calculations is shown in Figure 11,
where the SST anomalies over the Niño 3.4 area are
plotted for El Niño and La Niña years for years zero and
year +1. We also observe that the positive and negative
Copyright © 2013 SciRes.

anomalies have similar order of magnitude, which makes
the comparison robust.
The onset for both El Niño and La Niña occurs around
MJJ of year zero, when the threshold ±0.5˚C is reached.
This corresponds well with the start of the anomalous
phase observed in the energetics (compare Figures 7
with 8 and 10). It is also interesting to observe that after
demise El Niños tend to be followed by the opposite
phase (La Niña), whereas La Niñas are also followed by
another La Niña.
The energetics here discussed pertain to the large scale
environment associated with the Walker cell, while attribution of cause and effect between the energetics and
the atmospheric anomalies is not as straightforward as
one might think. Here the energetics anomalies are triggered at about the same time as ENSO, leaving an open
interpretation as to how the changes are transmitted to
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APPENDIX
Lorenz energetics

AE  

Equations of Lorenz in Spatial Domain
Mathematical expression of components in the energy
balance Equations 2(c)-2(b).
The zonal mean of a variable X between longitudes
λ1and λ2 is given by
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The four energy forms in the SDLEC are
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where p1 and p2 are, respectively, the upper and lower
pressure boundaries, T is the temperature, g the magnitude of the acceleration of gravity, u and v are the eastward and northward components of the wind, respectively, and σ is the static stability parameter which is
given by
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where r denotes the mean radius of the Earth.
The generation of APE terms and kinetic energy dissipation terms are
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Finally the integrals for BΦZ and BΦE are
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where q denotes the diabatic processes associated with
the generation of APE.
The energy transport integrals are
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where Φ(=gz) is the geopotential.
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