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Abstract
The purpose of this study was to quantify and evaluate the effects of ENSO (El
Niño Southern Oscillation) cold phases, throughout a composite of five intense La Niña episodes, on the atmospheric energetics of four distinct domains: 80˚S - 5˚N (zone 1), 50˚S - 5˚N (zone 2), 30˚S - 5˚N (zone 3), and 30˚S 30˚N (zone 4). Data from NCEP reanalysis-II were used in the reckoning of
atmospheric energies in the mentioned areas. In the synthesis, in zones 2, 3
and 4, the results showed that production of zonal terms of potential energy
and kinetic energy decreased, mainly due to decreases of the meridional temperature gradient. As a result the conversions between them and between
zonal kinetic energy and eddy kinetic energy were also reduced. This behavior, however, has not led to a significant intensification of baroclinic branch,
except for zone 4. Regarding zone 1, it was observed the most atypical set.
That is, KZ was intensified even with the reduction of all the sources that contribute directly to its supply.
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1. Introduction
Studies related to atmospheric energetics involve knowledge of the energy
transformations that occur in the planet’s atmosphere. According to Lorenz [1],
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solar energy is converted into internal energy (related to temperature) plus potential energy (relative to geopotential height and mass), which can be considered as just one form of energy, named total potential energy. However, total
potential energy, in turn, cannot be completely converted into kinetic energy as
there is a limit on the occurrence of such transformation; that is, there is a portion of the energy that does not change. This portion is as the energy of the reference state, which is minimal and not available for conversion. The amount of
energy available for conversion into another form of energy is the available potential energy. According to Lorenz’s formulation, such energy and the kinetic
energy can be further divided into a basic state and perturbations related to the
basic state. The Energy terms represent the feature of atmospheric behavior (in
terms of power generation and conversion), and hence its importance as the
technique allows the possibility to calculate change related to intensity of atmospheric disturbances (in the synoptic scale, sub-synoptic and planetary scale)
during a specific time interval. So, energetics is a powerful, versatile and robust
technique that can be applied for purposes of studies involving the dynamics of
the atmosphere, such as that associated with ENSO events, monsoons, greenhouse gases or aerosols, so that its application is quite wide.
For example, [2] analyzed the energy cycle in a region overlooked by the
Walker Circulation and its relationship with strong episodes of ENSO. They
concluded that for a composite of El Niño events the tropical atmosphere had an
increase in zonal potential energy, a decrease of eddy potential energy, and a reduction in kinetic energy fields. For the composite of La Niña events, the tropical atmosphere displayed an increase the kinetic energy fields, contrasting to the
opposite phase.
In 2010, [3] used in the study the dynamics of the atmospheric response relative to an increase in the CO2 concentration. They found a twofold role of the
heating pattern characterized by a strong heating in the tropical upper troposphere and in the lower levels of high latitudes. They also concluded that this
pattern causes an increase of the average potential energy in the upper troposphere and a decrease in the lower troposphere. In 2011 and 2012 [4] [5], they
found that the weakening observed in the lower troposphere and the strengthening in the upper troposphere are associated with the conversion path AZ →
AE → KE (respectively, zonal available potential energy, eddy potential energy
and eddy kinetic energy) and the dual-role heating is mainly due to the static
stability parameter.
Another important work applying the Lorenz Energy Cycle (LEC) done by
[6], analyzed the South American (SA) rainy season through the application of a
multivariate Empirical Orthogonal Function (EOF) analysis to an SA gridded
precipitation analysis and to the components of the LEC. The authors concluded
that the predominance of the different LEC components at each phase of the
South American Monsoon System (SAMS) are an indicator of the onset of the
rainy season in terms of physical processes.
In a recent study, [7] verified the evolution of the Lorenz energy cycle in the
Intertropical Convergence Zone (ITCZ) in the South American sector of the AtOALib Journal
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lantic. They found a strong annual cycle in all the energy components with high
peaks in the austral summer. The zonal component of the kinetic energy (KZ)
presented a decreasing trend between 1979 and 2007, while the other energy
components did not present noticeable changes. A small increasing trend in the
eddy energy components indicates strengthening of the eddies. They also found
that the values of KZ and the values of the available potential eddy energy (AE)
are significantly high during the period from 1982 to 1983, indicating that the
intense warm ENSO and/or the El Chichon eruption may have affected the circulation in the ITCZ region.
The aforementioned studies show the energetics applications, and in this context, the purpose of this paper is to compute the impact of La Niña events on
Lorenz’s Cycle for four different regions around the Earth. ENSO events are
ocean-atmosphere interaction phenomena associated with changes in climatic
patterns of the surface sea temperature, trade winds and emission of long wave
radiation by the ocean in the Equatorial Pacific region. The physics of ENSO and
its climatic consequences can be found in [8]-[15].
The main purpose of this work is to evaluate the effects of the strongest La Niña
events on the energetics of specific Southern Hemisphere domains to quantify
the horizontal impact extension related to this cold phases. Reference [2] shows
that energetics effect of different ENSO phases is limited to the Walker circulation zone (a small piece of the tropical region). Differently from [2], who conducted the study for the tropical region that encompassed only the limits of the
Walker circulation (latitude 5˚N and 10˚S, longitude 120˚E and 80˚W), in this
paper, the study is conducted for regions located in tropical and extratropical regions. More, [2] focused their findings on the results obtained for two-dimensional analysis (pressure levels versus time), while this work investigated the
temporal variation of integrated energy components in the atmospheric volume.
This paper is organized as follows: the next section introduces the data and
methodology used for the study. Following, the results and discussion thereof
are presented. Finally, we present the conclusions.

2. Data and Methodology
Data used in this study are from NCEP reanalysis-2/NCAR, as the Reanalysis
data for the Southern Hemisphere is more reliable after 1979 [16] we limited our
analysis to the period of 1979-2011 and refer to a period of 33 years taken from
the NOAA-CIRES Climate Diagnostic Center, available at
http://www.cpc.ncep.noaa.gov/. The data used here correspond to daily averages
with 2.5˚ × 2.5˚ horizontal resolution in latitude and longitude. The data span 12
levels of isobaric surfaces (1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150,
and 100 hPa) for geopotential height, temperature, zonal and meridional components of the velocity wind vector, and omega, the vertical component of this
vector in pressure coordinates.
Based on the reanalysis data, calculations of the atmospheric calculations were
performed for the whole zonal domain (0 to 360 degrees). It was used four different zones located at 80˚S - 5˚N (region 1), 50˚S - 5˚N (region 2), 30˚S - 5˚N
OALib Journal
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(region 3), and 30˚S - 30˚N (region 4) in order to study the change of energy
cycles during the occurrence of La Niña events. The main purpose of selecting
different regions in the southern hemisphere is to evaluate the effects separately.
For example, the horizontal extension of these particular cold ENSO events effects, since each domain must have a particular influence of the equatorial Pacific region, where the influence of ENSO is more direct. The selection of five La
Niña events was based on the ONI (Oceanic Niño Index). This index classifies
an event as a La Niña episode when the arithmetic average of SST anomalies of
three consecutive months in the Niño 3.4 region is lower than –0.5˚C for five
consecutive months. Based on the ONI index, the following events were selected:
1984-1985, 1988-1989, 1998-1999, 1999-2000, and 2010-2011. The composite in
each domain was created based on the average of the atmospheric parameters of
the five selected events. Then, energy was calculated for the composite as well as
for the entire series of 33 years. The results for each area were obtained from a
comparison between the composite of the energy cycle and its climatology. The
comparison was done by percentage, which shall be calculated for the range
from August (year 0) to April (the following year). Moreover, indicates how
much each energy component increase or decrease (in La Niña events) in relation to climatology for the same period. The interval chosen for the study of the
impact of La Niña events was the interval between August and April, because,
our criterion was to select a period in which SST anomaly in the Niño 3.4 region
remained below or equal to approximately 1˚C.

Lorenz’s Equations
In the LEC, the four boxes correspond to each of the energy reservoirs and the
arrows represent the conventional directions of generation, conversion, or energy dissipation (Figure 1).
GZ and GE are respectively the generation of zonal available potential energy
and eddy available potential energy. CZ represents the conversion between zonal
available potential energy and zonal kinetic energy through the upward movement of warm air and subsidence of cold air at different latitudes. This process
indicates a negative correlation between zonal averages of ω and T and hence a

Figure 1. Lorenz energy diagram representative of a 4
boxes.
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positive CZ. That is, zonal available potential energy (AZ) is converted into zonal kinetic energy (KZ) in the thermally direct Hadley cell [4] [17]. CE (Equation
(19)) already represents the upward movement of warm air and subsidence of
cold air in the vertical plane in the same circle of latitude [18]. CA represents the
transport of sensible heat, both meridionally and vertically, associated with meridional and vertical gradients of temperature [19]. From a physical standpoint,
in the lower troposphere, zonal average temperature decreases toward the poles.
The wavelike disturbances transport warmer air to cooler latitudes and colder air
to warmer latitudes, reducing the meridional thermal gradients, and consequently reducing AZ. Because of this transport, along the same circle of latitude
temperature, notable differences appear, thereby generating eddy available potential energy (AE) [20]. The term represents the terms of zonal momentum
transport associated with perturbations along the meridional and vertical gradient of zonal wind and due to transports of momentum associated with perturbations along the meridional and vertical gradient of meridional wind [18]. The
terms DZ and DE are the dissipation of the zonal kinetic energy and the kinetic
energy of the disturbances, respectively. The equations below (Equations (2.1) to
(2.4)), representing the conversion processes involved in the diagram, where
terms on the left of the equality sign represent the rate of production or destruction of each energy reservoir.

∂AZ
=
−CA − CZ + BAZ + GZ
∂t

(2.1)

∂AE
= CA − CE + BAE + GE
∂t

(2.2)

∂KZ
= CK + CZ + BKZ − DZ
∂t

(2.3)

∂KE
= CE − CK + BKE − DE
∂t

(2.4)

The terms BAZ, BAE, BKZ and BKE are flows of energy across the boundary.
BAZ represents the flux through the boundary (B) of zonal available potential
energy (AZ), BAE represents the flux through the boundary (B) of eddy available
potential energy (AE), BKZ represents the flux through the boundary (B) of
zonal kinetic energy (KZ) and BKE represents the flux through the boundary (B)
of eddy kinetic energy (KE).
The above equations and those contained in the Appendix are part of the
formalism developed by [21] for the equations of [1], and describe processes of
transformation of potential and kinetic energies and their relationship with the
terms of conversion, generation, and dissipation. The generation and dissipation
terms were calculated as waste (Equations (2.5) and (2.6)) and the remaining
terms will be integrated in 12 pressure levels, starting from the surface.
GZ and GE were calculated as in the equations below:
GZ = CZ + CA − BAZ +

OALib Journal
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GE = CE − CA − BAE +

∂AE
∂t

(2.6)

∂KZ
DZ =
−
+ CZ + CK + BKZ
∂t

(2.7)

∂KE
−
− CK + CE + BKE
DE =
∂t

(2.8)

3. Results and Discussion
Figures 2-4 presents, respectively, a comparison between the temporal variations in terms of energy generation, energy reservoirs and energy conversions,
with the composite of La Niñas for the regions 1, 2, 3, and 4, whose curves of
variation are related to the left hand axis. On the right hand axis, the anomalies
of energy production in each domain are shown. The sum of all energies produced between August and April and the sum of all the energies that crossed the
boundary (only Figure 3) of the domain during this interval are displayed at the
top of the graph. The graphs of the sums show only the total energy produced
within the range, while the graphs of anomalies show, month by month, whether
energy production was higher or lower compared to the climatology.

3.1. Energy Generation Terms
Figure 2(a) displays the temporal variation in zonal generation of available potential energy (GZ); it was observed reductions by approximately 1.50% in zone
1, 1.59% in zone 3 and 8.90% in zone 4. According to Winston and Krueger and

(a)

(b)

Figure 2. Temporal variation of anomalies of GZ (a) and GE (b) for composites of La Niña events for four different regions: Domain 80˚S - 5˚N (pink line), domain 50˚S - 5˚N (blue line), domain 30˚S - 5˚N (orange line) and domain 30˚S - 30˚N (green line).
The bar graph in central shows the sum of all the energy produced between August and April for the term of generation (GE). At
the bottom, dashed lines show the values of energy production for La Niña compounds in relation to each domain. Dashed lines of
the domains are same colors of previous. Units are in 105 W/m2.
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(a)

(b)

(c)

(d)

Figure 3. Temporal variation of anomalies of AZ (a), KZ (b), AE (c) and KE (d) for composites of La Niña events for four different regions: domain 80˚S - 5˚N (pink line), domain 50˚S - 5˚N (blue line), domain 30˚S - 5˚N (orange line) and domain 30˚S 30˚N (green line). The bar graphs in central and on the left corner show the sum of all the energy produced between August and
April for the term of reservoir (KE) and boundary (BKE), respectively. At the bottom, dashed lines show the values of energy
production for La Niña compounds in relation to each domain. Dashed lines of the domains are same colors of previous. Units are
in 105 J/m2.

(a)

(b)

(c)

(d)

Figure 4. Temporal variation anomalies of CZ (a), CA (b), CK (c) and CE (d) for composite of La Niña events for four different
regions: domain 80˚S - 5˚N (pink line), domain 50˚S - 5˚N (blue line), domain 30˚S - 5˚N (orange line) and domain 30˚S - 30˚N
(green line). The bar graph in central shows the sum of all the energy produced between August and April for the term of conversion (CE). At the bottom, dashed lines show the values of energy production for La Niña compounds in relation to each domain.
Dashed lines of the domains are same colors of previous. Units are in W/m2.
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Brown [20] [22], differences in production of GZ are also due to differential
heating of the atmosphere. In this case caused by an increase in latent heat flux
in the tropical region, for the temporal evolution of GZ, was observed that between the months of August and December there was the largest increase in
energy production when compared to the same climatological period, except for
zone 1, which presented the highest reduction in energy production. The behavior of GE is observed in Figure 2(b). Zone 2 and zone 3 suffered a negligible
increase. The greatest effects were in zones 1 and 4 showed weakening around
2.00% and 17.68%, respectively. According to Brown [22], production of GE is
due to the tendency of cold eddies be heated and warm eddies be cooled. The
reduction indicates decrease in this trend. About zone 1, the highest energy
production took place between September and November, that is, in the first
phase of the studied interval. For zone 4, the range of greater reduction was seen
from December, returning to increase from April.

3.2. Energy Reservoir Terms
Figure 3(a) shows the production of zonal available potential energy (AZ),
which showed weakness by about 1.47% (zone 1), 4.85% (zone 2), 8.67% (zone
3) and 7.81% (zone 4). Except for domain 1, the predominance of negative anomalies was seen in the second half of the range (between December and April).
This allows us to suggest that tropical zones were more affected than the others
did. Our results suggest that La Niña episodes may be able to show a decrease in
the display of AZ, which in turn is associated with a weakening in meridional
temperature gradient. Also based on these results, the weakness of AZ energy
observed in the tropical atmosphere is in agreement with the results found by
[2]. For all areas, there was strong reduction in AZ’s production for the whole
period of La Niña, but for the zones 2, 3 and 4 the major reduction was observed
from December. For zone 1, the largest reduction was checked between August
and December.
Figure 3(b) shows the production of zonal kinetic energy (KZ), which was
reduced by about 9.11% (zone 3), and 12.90% (zone 4) and intensified by about
5.80% (zone 1), for zone 2, it was observed a tiny reduction. Except for domain
1, it was observed predominance of negative anomalies. In zones 2 and 4, those
anomalies were more intense in the second half of the range (between December
and April), and in zone 3 the most intense anomalies were observed in the first
half of the interval. Regarding to the temporal evolution of KZ production, it can
be said that: the four areas showed different behavior. In zone 1, the range of
greater energy production was concentrated between August and November, after that energy production levels are very close to the climatological values and
only at the end of the event presented another significant increase in the production of KZ. For zones 3 and 4, the reduction in KZ dominated the entire La Niña
event; however, the larger reduction in zone 3 was seen between August and
December, whereas for zone 4, the major reduction was observed starting from
December. According to Kim and Kim [23], KZ production is related to the jet
OALib Journal
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streams in the troposphere and the stratosphere, where there is a maximum
production located in the tropics, which corroborates the more significant results in zones 3 e 4.
In Figure 3(c), the greatest effect of the composite of La Niña occurred in
zones 3 and 4, which showed weakening by about 2.77% and 5.05%, respectively.
In these zones, at the first months of the range AE’s production decreased, and
only from December it increases, persisting up to half of the year 0 + 1. In other
zones (1 and 2), the effect of La Niña was not even 1%. In general there is a predominance of positive anomalies and these become more intense over the range,
that is, between December and April of year 0 + 1 (the second half of the interval) and coincides with the period of lower production of AZ, except for zone 4.
The strengthening of AE in zones 3 and 4 is consistent with the results of [2],
which found that AE production in the tropical atmosphere increases the occurrence of La Niña. Furthermore, [17] suggested that the pattern of AE production
is related to the continent-ocean thermal contrast. According to our results, it
can be said that in the occurrence of events like La Niña, the thermal contrast is
affected mostly in the region of tropical latitudes (zones 3 and 4) rather than in
regions including middle and high latitudes (zones 1 and 2).
The production of eddy kinetic energy (KE) can be seen in Figure 3(d). KE
decreased in zones 1, and 2 (1.74% and 1.63%, respectively), in zone 3 and 4; it
wasn’t observed increase or decrease considerable. Zones 1 and 2 were marked
by a reduction in the entire La Niña composite event. This behavior was not different within the study period (August to April), where there was only one occurrence of intensification, concentrated in December. The weakening must be
related to the slowdown of tropospheric and stratospheric jet streams during La
Niña years [24], generating a decrease in KE at mid-latitudes in the Southern
Hemisphere.

3.3. Energy Conversion Terms
Figure 4(a) shows the behavior of conversion between the zonal energy forms
AZ and KZ (CZ). CZ was reduced in all areas: by about 4.51% (zone 1), 5.00%
(zone 2), 15.48% (zone 3), and 6.22% (zone 4). This weakening is probably associated with a slowdown of the sensible heat transport due to decreased vertical
and meridional gradients of temperature and was higher in domain 3 due to the
weakening of the Hadley cell of Southern hemisphere located at 30˚S. In domain
4, the weakening effects of the Hadley circulation of each hemisphere cancel
each other out and CZ weakening is primarily driven by the decrease in the meridional temperature gradient, justifying the proximity in the percentages of
weakening in domains 1, 2 and 4. This condition should lead to a gain of KE
through the CE conversion, because more zonal available potential energy would
be used to produce eddy available potential energy instead of zonal kinetic energy, but only in zone 4 this intensification is observed. In zones 1, 2 and 3, KE was
weakened. This result is due to the high value of boundary flux of KE (BKE),
which made the eddy kinetic energy values negative within these areas of study.
OALib Journal
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In relation to the values of CZ’s we can observe that there is a certain level of similarity among the four regions. The La Niña composite event begins with high
production of CZ, which lasts until the middle of the event. In September, the
production begins to decrease and persists until the end of La Niña.
In Figure 4(b), it can be seen that there is a conversion between the forms of
the available potential energy (CA). The largest effect of the composite for the La
Niña occurred in zones 1 and 4, which showed weakening by about 1.56%,
10.53%, respectively. In other areas, the effect of La Niña was not even 1%. In
these areas, the temporal variation of CA was marked by variation between increase and decrease of CA. The initial phase marked by a large reduction in CA
production, which remains until November of the year 0. The decrease in CA
output is related to the reduction of the horizontal and vertical transport of heat
through eddies.
According to Figure 4(c) it can be observed that CK was weakened in all
areas: by about 5.88% (zone 1), 7.04% (zone 2), 12.05% (zone 3), and 12.11%
(zone 4), suggesting a reduction equatorward of the positive contributions of
tropospheric jets and stratospheric polar-night jets, as was suggested by [25].
Moreover, a weakening of zonal motion because of the poleward transport of
momentum by the motion of eddies, as suggested by [23]. It was observed a
strong reduction in the temporal variation of CK, where the most intense variations occurred in the second half of the event.
The conversion between eddy modes (CE) for the studied domains is presented in Figure 4(d). It can be observed that the values of CE strengthened by
about, 1.63% (zone 3) and 1.85% (zone 4). For zones 1 and 2, it wasn’t observed
considerable increase or decrease. In zone 3, there is great variation in the production of energy for the whole duration of La Niña event, with little reduction
in the production of CE. Between August and April, it could be see that the first
interval phase is marked by a decrease of CE in the first three months, followed
by an increase in energy production that prevails until the end of La Niña. And
in zone 4, the major fluctuations in energy production occur between July and
January of initial phase, and this behavior tends to repeat itself in the mature
stage of the event. The increase in CE production indicates that more energy is
being converted into eddy kinetic energy during the occurrence of La Niña. This
intensification is probably associated with the large differences of temperature at
the same latitude, because CE is the result of warm air rising and cold air sinking, at the same circle of latitude, in the vertical plane.

3.4. Volume Integrated Energy Cycle
The Lorenz energy cycle for the climatology and La Niña years, for the interval
between August and April, is shown in Figure 5. The convention of the conversion cycle is given by the direction of the arrows as in Figure 1. As can be seen
from the diagram, it was noted that the energy cycle as a whole was weakened
during La Niña years. Furthermore, the energy diagram reveals that the weaker
Lorenz energy cycle results from a decrease in the most conversion terms during
OALib Journal
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Figure 5. Lorenz energy cycle for the climatology and La Niña composite. All values are representative of the interval between August and April. Units are 105 J/W2 for energy terms and W/m2 for
conversion and flux terms. All conventions follow the standard diagram outlined in Figure 1.

La Niña events.
The boundary flux of AZ (BAZ) and AE (BAE) are negatives in all zones,
working as a sink of zonal and eddy available energy. Both terms undergo import changes for the La Niña composite. However, due to their low magnitudes
relative to the other terms (mainly, zone 2, 3 and 4) in the energy balance, their
contributions to the energy reservoirs are less expressive. Climatologically, BKZ
acts as a sink of KZ. As can be seen, BKZ keeps this feature during La Niña
years. The boundary flux of KE (BKE) is positive, showing that this term contributes to the rising of KE fin all zones. Its contribution is reduced for La Niña
years.

4. Conclusions
This is the first time that Lorenz Energy Cycle is used to evaluate and compare
four different zones around the Earth located in the tropical and extratropical
regions. We have computed the impact of the cold phase of ENSO on the atmospheric energetics of four domains around the world, commonly affected by
La Niña episodes.
It was observed that generation of zonal available potential energy (GZ) was
reduced (zones 3 and 4), most likely associated with an increase in the latent
heat flux in tropical regions. And generation of eddy available potential energy
decreased in zones 1 and 2, probably due to weakening of tendency of cold eddies to be warmed and warm eddies to be cooled, and this effect is more intense
in zone 4 which surrounding the Hadley Cells of the two hemispheres.
OALib Journal
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AZ decreased in all zones, and the tropical region domains (3 and 4) were the
most affected. The most interesting results for AE were intensification of zones 3
and 4, reaffirming that events like La Niña affect more the thermal contrast in
the tropics, and the CE results also confirm that, with the increase in zones 3 and
4. As for other conversion terms, CK and CZ weakening in all zones, and CA
weakened in zones 1 and 4, while for the other zones it was observed values very
close to the climatology.
About the zonal kinetic energy, in zone 1 there was an intensification of KZ,
despite CZ and CK have been reduced. However, the zonal kinetic energy dissipation (DZ) decreased within the range. Therefore, less zonal kinetic energy was
dissipated in La Niña composite, which justifies the fact that in these events the
amount of KZ energy is larger than in climatology. For others zones, DZ did not
affect enough the amount of KZ energy into the reservoir. KE decreased in zones
1 and 2 mainly due reductions in source term, BKE. Since it was observed reduction in the sink terms, DE and CK (CE wasn’t increased or decreased considerably for zones 1 and 2). The weakening must be related to the slowdown of tropospheric and stratospheric jet streams during La Niña years.
Overall, zones including tropical regions proved to be the most affected by the
occurrence of La Niña events than zones, which include middle and high latitudes.
Making some comparisons between this work and that done by [2] it is observed that they computed the energetics for the Pacific Walker Circulation to
an area limited by the latitudes of 10˚S and 5˚N, and longitudes 120˚E and
80˚W. While we made the study for four different zones located in tropical and
extratropical regions ((80˚S - 5˚N (region 1), 50˚S - 5˚N (region 2), 30˚S - 5˚N
(region 3), and 30˚S - 30˚N (region 4)). In general, Veiga et al. 2013 found intensification of the energy cycle (considering volume integrated Energy Cycle for
December, January and February), while we observed, in general, a weakening of
the energy cycle due to the occurrence of La Niña. Zones 1 and 2 showed the
largest differences, almost all components of energy decreased for La Niña
events. Furthermore, zones 3 and 4, located in the tropical region, showed similarities to AE, CE and CK. In zone 4 the difference between our results and those
presented by [2] is only the weakening on branch AZ → CZ → KZ. Moreover, the
weakening of this branch was observed in all zones except 1. These results show
that the occurrence of La Niña 1) weakens the south temperature gradient,
which generates a decrease in the production of available potential energy in the
basic state, consequently weakened barotropic branch AZ → KZ, and 2) as the
climatological KZ production is related to the jet streams in the troposphere and
the stratosphere, where there is a maximum production starting at 30˚N which
can reach 30˚S. This suggests that the occurrence of La Niña weakens the tropospheric and stratospheric jets, leading to a further weakening of the KZ production in the regions located in tropical latitudes.
These results add knowledge both for the studies focused on the effects of
ENSO events on the atmospheric circulation dynamics, and for studies interestOALib Journal
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ed in changes in Lorenz cycle due to an atmospheric disturbance. Further studies
may consider different scenarios of global warming plus the occurrence of ENSO
events in order to verify the impacts on global energy and its consequences on
the atmosphere.
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Appendix
Zonal mean of variable X between longitudes λ1 and λ2 is given by:

[ X ]λ

1
λ2 − λ1

=

p2

∫p

(1)

Xdλ

1

The zonal deviation field is given by:

X − [ X ]λ

( X )=
λ

(2)

Mean of X in an area surrounded by longitudes λ1 and λ2 and latitudes ϕ1 e ϕ2
is given by:

[ X ]λφ

=

1

1

φ2

λ2 − λ1 sin φ2 − sin φ1 ∫φ1

p2

∫p

1

(3)

X cos φ dλ dφ

The deviation from the average in the area is given by:

] ) [X ] −[X ]
([ X =
λ φ

λφ

(4)

dp

(5)

λ

The four terms of energy reservoirs are given by:

AZ = ∫

(

 [T ]
λ


p2

p2

AE = ∫ p

1

KZ = ∫ p

1

p2

KE = ∫ p

1

2



 λφ
φ

2 [σ ]λφ

p1

p2

)

( T ) 2 
 λ  λφ
dp
2 [σ ]λφ

(6)

[u ]2 + [ v ]2 
λ  λφ
 λ
dp
2g

(7)

( u ) 2 + ( v ) 2 
λ  λφ
 λ
dp
2g

(8)

The four conversion terms are given by:

=
CA

p2

∫ p1

1

(

 ( v ) (T ) ∂ [T ]
λ
λ
 λ
∂φ
 2 [σ ]λφ r

CE
=
p2

CK = ∫ p

1

) ([T ] )
φ

λ φ

 R dp
 λφ gp

) 

(

(9)

)

Rc
 ω T ∂ [T ]
p p
( )λ ( )λ
λ φ

dp +
 p R cp
∂p [σ ]λφ

λφ


p2

∫ p1 − (ω )λ (T )λ  λφ


 dp (10)

 λφ

R
dp
gp

(11)

1
cos φ ∂ [u ]λ 
( v )λ ( u )λ
 dp
g 
r ∂φ cos φ  λφ
p2

+ ∫p

1

p2

+ ∫p

1
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(

−  [ω ]λ


p2

∫p

=
CZ

2
p2 1 
1  ( v )λ ∂ [ v ]λ 
tan φ 

 dp + ∫
dp
[v ]λ ( u )λ2

p
1
g r
g
r  λφ
∂φ 

 λφ

1
g

(12)


∂ [u ]λ 
∂ [ v ]λ 
p2 1 
( ω )λ ( u )λ
 dp + ∫ p1 (ω )λ ( v )λ
 dp
g 
∂p  λφ
∂p  λφ
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The energy transport integrals are:
λ2

1

1

+ c2 ∫
−

(

1

∫λ 2 [σ ] 2 ([T ]λ )φ (T )λ u + ([T ]λ )φ u
λφ

p2

BAZ c1 ∫
=
p

p2
p1

1

2

λ

λ

(

p2
p1

+ c2 ∫

1

φ2

λ φ

λ


  2 (ω )λ (T )λ  λ [T ]λ


BAE = c1 ∫

) dφdp

( 2 (v ) (T )  ([T ] ) cos φ + ([T ] ) [v] cos φ ) dp (13)

1

2 [σ ]λφ

2 [σ ]λφ

2

)

λ φ

(

+ [ω ]λ [T ]λ


φ

)

2

φ
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∫φ 2 [σ ] u (T )λ  dφ dp
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 ω (T )2 
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1
2
(T )  cos φ dp −  
λ λ
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1
1
1 2g
p2 1
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1 2g
φ2
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BKZ c1 ∫
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p

)

(

∫φ

(u u
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(14)

)

+ v 2 − ( u ) λ − ( v ) λ  dφ d p

2

2

( v cos φ u + v − (u )   ) dp
2

2

2

λ

λ

(15)

 1   2

2
2
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λφ 
 2g
p2

=
BKE c1 ∫ p

1
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1
2
2
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 v cos φ ( u )λ + ( v )λ    dp
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(16)

 1   2
2
 
−
ω ( u )λ + ( v )λ   λφ 
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where
C1 =
−  r ( λ2 − λ1 )( sin ϕ2 − sin ϕ1 ) 
C2 =
−  r × ( sin ϕ2 − sin ϕ1 ) 

−1

−1

where p1 and p2 are, respectively, the maximum and minimum pressure, T is
temperature, g is the magnitude of gravity’s acceleration, r is the average radius
of Earth, u and v are the zonal and meridional components of wind vector, respectively and σ is the static stability parameter given by:

[σ=
]λφ
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