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Abstract

Correlation analyses reveal that the perturbation potential energy (PPE) in the extratropics
and tropics in boreal winters undergoes out-of-phase oscillations (PPE1 extratropics—tropics
oscillation, PETO). PETO is closely related to both ElNifio-Southern Oscillation (ENSO)
and Kkinetic energy, furthermore, PETO tends to dominate over the extratropics while
ENSO is more important over the tropics. In the Northern (Southern) Hemisphere, positive
PETO phases tend to strengthen (weaken) Hadley circulation and to weaken (strengthen) an
expanded Ferrel circulation, resulting in equatorward shift of the subtropical jet streams. In
addition, precipitation is enhanced in regions of ascending vertical motion, and warmer tem-
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peratures are observed in the tropics except over the western Pacific.

perturbation potential energy; kinetic energy; oscillation; ElNifio-Southern
Oscillation; Hadley circulation; precipitation

I. Introduction

Energy is the driver of motion of the viscous atmo-
sphere. Studies of the energy budget of the atmosphere
can reveal the underlying causes of the formation and
maintenance of atmospheric general circulation. If the
atmosphere is taken as a heat engine, its efficiency is
very low, with little potential energy available for con-
version to kinetic energy (KE) (Peixoto and Oort, 1992).
Therefore, the issue of the availability of atmospheric
energy is vital, and has attracted much attention. Mar-
gules (1903) introduced the concept of available KE in
storm studies, while the concept of available potential
energy (APE) (Lorenz, 1955) was a milestone. Lorenz
(1955) derived the formulation of APE and presented
a view of global energy transformation that forms the
basis of current atmospheric energetics. However, vari-
ations in atmospheric circulation exhibit strong regional
features that cannot be explained by the theory of APE,
which is based on global averages.

In order to study local energy efficiency, there has
been much work on extending APE theory to the local
scale (Oort, 1964; Smith, 1969a, 1969b; Johnson, 1970;
Edmon, 1978; Gu, 1990; Hu et al., 2004; Li et al.,
2007; Li et al., 2011), however there are limitations.
The definition of the reference state in APE theory is
very important, but in previous studies it is empirical
and dependent on the object of the study (Gao et al.,
2006; Gao and Li, 2007). It is also questionable whether
a local-scale reference state is meaningful. Motivated
by these limitations, Li and Gao (2006) proposed per-
turbation potential energy (PPE) to study local energy
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efficiency. PPE is based on a global reference state
that is related to the atmospheric state before the adi-
abatic adjustment. PPE includes the contribution of the
first-order perturbation, which vanishes in global aver-
ages and thus is not included in the APE. Note that
the eddy energies developed by both Lorenz (1955) and
Oort (1964) only consist of the global averaged tem-
perature perturbations (APE), and do not include the
contribution from the first-order term (PPE1).

PPE has a stronger relation to KE and atmospheric cir-
culation on the regional scale than does APE (Gao and
Li, 2012). Thus, PPE may be more relevant than APE to
exploring the energy availability on a local scale. Wang
etal. (2012) investigated the governing equations of
PPE and KE that have been successfully applied to the
South China Sea summer monsoon. The spatial struc-
ture of PPE is characterized by a zonal distribution (Li
and Gao, 2006; Wang et al., 2012; Wang et al., 2013);
analysis also reveals negative correlation of PPE1
between adjacent latitudes in January (Gao, 2006).
We focus on the PPE1 extratropics—tropics oscillation
(PETO) in boreal winters. Given the importance of
energy budgets for atmospheric general circulation, the
way in which the PETO may act to change the atmo-
spheric general circulation is of great scientific interest.

The ElNifio-Southern Oscillation (ENSO) is well
known as the dominant mode of interannual variability
in the tropical climate and has profound effects on the
global climate system. Goddard and Philander (2000)
documented the energetics of interannual variability of
ENSO from a realistic ocean model. On the basis of
two reanalysis datasets, Li et al. (2011) showed that the
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increase in global mechanical energy in El Nifio years
is due to changed atmospheric temperature gradients
driven by a tropical sea surface temperature (SST)
anomaly. Examination of the relation between PPE and
ENSO is desirable, and may help us understand the
influence of ENSO on the general circulation. This
work explores the relationship between ENSO, KE, and
PETO, and then investigates the physical meaning and
climate impact of PETO.

2. Data and methodology

This study employs temperature, wind, specific
humidity, surface pressure, 2m air temperature,
and 10m horizontal wind from two atmospheric
reanalysis datasets: the NCEP-DOE Reanalysis 2
(Kanamitsu et al., 2002) and the European Centre for
Medium-Range Weather Forecast (ECMWF) reanalysis
dataset (ERA-Interim) (Dee et al., 2011). We use two
rainfall analysis datasets: the Climate Prediction Center
(CPC) Merged Analysis of Precipitation (CMAP) (Xie
and Arkin, 1997) and the Global Precipitation Clima-
tology Project (GPCP) (Adler et al., 2003). Note that
the NCEP 2 and CMAP have been used in the follow-
ing analysis, and the ERA-Interim and GPCP used for
validation. Global SST is obtained from the Extended
Reconstructed Sea Surface Temperature (ERSST.v3)
on a 2°x2° grid (Smith ez al., 2008). ENSO is quanti-
fied by the Nino3.4 index, which is defined as the areal
mean sea surface temperature anomaly (SSTA) over the
region 5°S—5°N, 170°-120°W. The analysis is based
on boreal winters (December to February; DJF) for the
period 1979-2013.

The mathematical expression of PPE (Li and Gao,
2000) is:

i—1
py "I +x =i
=0

ilrg(1+x)

-
PLi_

Ps Tli
A p(i—l)(l+K)
— =it
x<-%> dp ()
dp

where i is the order of PPE, p, is reference pressure
(usually taken as 1000hPa), and p, is surface pres-
sure. Here also k :R/cp, where R is the gas constant
of dry air, ¢, is specific heat at constant pressure, while
rq=g&lc, is the dry adiabatic lapse rate, with g the grav-
itational acceleration; p is pressure, 7 is temperature,
and 6 is potential temperature. Additionally T repre-
sents a global average on an isobaric surface and 7" the
departure from this global average. The formulas for
first-order PPE (PPE1) and second-order PPE (PPE2)
can be expressed as:
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It can be seen that the global average of PPE2 equals
the APE (when higher orders of p’/p are neglected).
Li and Gao (2006) have examined the distribution and
magnitude of PPE1 and PPE2. Locally, PPEI is an
order of magnitude larger than PPE2. Hence, we focus
on PPEI.

The governing equations of PPE1 and KE (Wang
etal., 2012) are:

%PPEI =3, +N,+R, - Cx+G, (4

Here KE = g7! /Ops e dp; Cy = g_lf(;‘ a)(()q,')’/ép) dp
is a conversion term between PPEl and KE, which
depends on vertical velocity and atmospheric stabil-
ity; G, =g! fop *Q'dp is the source (sink) term of
PPEI1, which dEPends on nonuniform diabatic heating;
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the horizontal velocity vector and Y; the horizontal
friction force; §; and By are horizontal boundary
terms; and N, , R;, and R are topographically induced
terms. More details on the derivation of PPE and
related governing equations are given in the Supporting
Information.

3. Results

3.1. PPE extratropics—tropics oscillation

Figure 1(a) shows the cross correlations between
zonally averaged PPE1 anomalies in DJF. The most
prominent features are the significant negative correla-
tions between PPE1 at the tropics and extratropics in
both hemispheres. The correlation coefficient between
(PPEl),yos and (PPEl),s.5 is —0.78, between
(PPEl),yog and (PPEl);,s. —0.51, and between
(PPE1),5- g and (PPE1)3, 5o 0.57, all above the 99%
confidence level. These results suggest an out-of-phase
pattern in PPE1 anomalies between the extratropics and
tropics, and in-phase relations within the extratropics
and tropics. The tripole-like PPE1 variations represent
the oscillation in PPE on a global scale. When PPE1
in the tropics is enhanced, that in the extratropics
tends to be suppressed, and thus, this oscillation is
referred to as the PPE extratropics—tropics oscillation.
To further examine the interannual variation of PETO,
a PPE1 extratropics—tropics oscillation index (PETOI)
is defined as the difference in the normalized zonally
averaged PPEI between the tropics and extratropics:

PETOI = ((PPE1),gog + (PPE1);goy — (PPE1)3, oy
— (PPEl),s505) /2

These are the latitudes at which the extrema of corre-
lations between PPE1 over the tropics and extratropics
occur. Henceforth, we define positive (negative) PETO
winters as winters with a PETOI value >1 (<—1) stan-
dard deviation of the index. The positive PETO phase
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Figure . (a) Cross correlations between zonally averaged PPEI anomalies in DJF; (b) correlation maps between PETOI and PPEI
(shading), and KE (contours) in DJF; (c) normalized time series of PETOI, Nifio3.4, and KEI.

is characterized by enhanced PPEI in the tropics and
suppressed PPE1 in the extratropics. Conditions are
reversed in the negative phase.

To explore the spatial pattern of the PETO, the corre-
lation map of PETOI with PPE1 is shown in Figure 1(b).
The tropics (excluding the western Pacific) are domi-
nated by significant positive correlations, accompanied
by significant negative correlations in the central North
Pacific, subtropical Asia and North America, and over
30°-60°S, which indicates that the PETOI is capable of
describing the PETO.

3.2. Importance of the PETO in the relationship
between ENSO and KE

Figure 1(b) also shows correlations between PETOI
and KE. Negative correlations dominate the tropics
and positive correlations dominate the subtropics. The
pattern is nearly opposite to that of PETO, indicating
the close relationship between PPE and KE. To further
investigate the relations between PETOI and KE, the
KE index (KEI) is defined as the difference in the
normalized zonally averaged KE:

KEI = ((KE), o5 + (KE)ge — (KE)y; sy
- <KE>32.5°S) /2
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These latitudes are chosen as they represent the
extrema of correlations between PPEl and KE.
Figure 1(c) shows normalized time series of the PETOI,
KEI, and Nino3.4 index. Extremes of positive PETOI
(negative KEI) occurred in the winters of 1982/1983
and 1997/1998 when a strong El Nifio occurred, while
negative PETOI (positive KEI) extremes occurred in the
winters of 1988/1989 and 1998/1999 when there was a
strong La Nifia. Notably, Nifio3.4 correlates positively
with PETOI with a value of 0.88. This indicates that
the interannual variability in PETO is closely related
to ENSO. On the other hand, KEI varies inversely with
PETOI and the correlation coefficient between them is
—0.91. Figure 2(b) shows that the correlation is also
significant when PETOI precedes KEI. It is speculated
that the energy conversion between PPE1 and KE may
be responsible for the inverse correlation.

Figure 2(a) illustrates correlation coefficients
between the winter PETOI and previous autumn
SSTA. It is clear that when SSTA leads PETOI by
3 months, the mid-eastern tropical Pacific SSTA is
positively correlated with PETOI, and the correlation
pattern resembles a clear ENSO signal. The simultane-
ous correlation patterns (Figure 2(c)) are quantitatively
similar to the corresponding lead—lag counterparts
(Figure 2(a)); the simultaneous correlation patterns
are also consistent with previous studies (Gao and Li,

Atmos. Sci. Let. 16: 119—-126 (2015)
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Figure 2. Correlation coefficients between the PETOI (DJF) and SSTA in (a) previous boreal autumn (SON), (c) simultaneous DJF,
(b) lead—lag correlations between Nifio3.4 and PETOI, Nifio3.4 and KEI, PETOI and KEl for different months, (d) the same as (b)
but for partial correlations. The correlation between X and Y is written as r(X, Y), while the partial correlation between X and Y

adjusted for variable Z is written as pr(X, Y: Z).

2013). Furthermore, Figure 2(b) shows that a robust
leading correlation between Nifio3.4 and PETOI devel-
ops the previous spring, peaks the previous autumn and
persists for the following 6 months until it decays.

To further study the relationships between PETO,
ENSO, and KE, partial correlations are also performed.
As shown in Figure 2(d), the connection between ENSO
and PPE1 is not affected by removing the effect of
KE, which suggests that ENSO has a significant control
on PPEI1. In contrast, the partial correlations between
Nifno3.4 and KEI change drastically when the effect of
the PETOIl is removed: the leading signal shows a rever-
sal in sign and becomes insignificant. This may indicate
that PPE1 plays a major role in the influence of ENSO
on KE. Notably, the partial correlations between PETOI
and KEI adjusted for Nifio3.4 change little: the lead-
ing signal is still significant in the previous autumn, and
peaks in winter. These results suggest that the physical
linkage between PPE1 and KE is more direct than that
between ENSO and KE. The connection between PPE1
and ENSO results from the related heating anomaly that
contributes to the source/sink of PPEI. These results
suggest that the interannual variation of PPE is mod-
ulated by ENSO, and that the PPE can then affect KE
through energy adjustment.

© 2014 Royal Meteorological Society

3.3. Anomalous circulation associated with PETO

When energy changes between different forms the
atmospheric circulation becomes disturbed. Here we
examine the atmospheric circulation pattern associated
with PETO. Figure 3(a)—(d) shows maps of the corre-
lation between the PETOI and related variables. A few
key characteristics associated with positive PETOI win-
ters are listed below.

We reported the strong relation between PETO and
KE in the previous section. Figure 3(a) further shows
that positive (negative) KE anomalies develop over the
equatorward (poleward) section of the subtropical jet
streams, and negative KE anomalies occupy the tropi-
cal easterlies belt, generally opposite to the variations
of PPEIl. Figure 3(b) shows that anomalous wester-
lies (easterlies) are situated over the equatorward (pole-
ward) section of the subtropical jet streams. This results
in a shift of the subtropical jet streams toward the equa-
tor, which further influences the extratropical storms
and frontal systems. Figure 3(c) shows that, in the
Northern Hemisphere, the anomalous direct circulation
loop (DCL) situated in the tropics results in a strength-
ened Hadley circulation (HC), while the DCL situated
in middle latitudes weakens the Ferrel circulation (FC).

Atmos. Sci. Let. 16: 119—-126 (2015)
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Figure 3. Correlation coefficients between PETOI and (a) zonally averaged KE (shading), (b) zonally averaged zonal wind (blue
lines), (c) zonally averaged meridional circulation (red vectors), and (d) zonal circulation averaged over 5°S—5°N. Climatological
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and red/blue vectors in (c), (d) indicate significance at the 95% confidence level. Orange/light blue vectors are used for lower

confidence levels.

The anomalous indirect circulation loop (ICL) induces
shrinking of the HC and expansion of the FC, so that
the subtropical jet stream moves toward the equator.
In the Southern Hemisphere, the combined anomalous
DCL and ICL cause the FC to strengthen and expand
toward the equator. Figure 3(d) shows the correlation
between PETO and meridionally averaged (5°S—5°N)
zonal velocity and vertical velocity. The most important
feature in the anomalous Walker circulation is the ascent
in the central—eastern tropical Pacific and descent in
the western tropical Pacific in positive PETOI years.
Regions of anomalous vertical motion may experience
a build-up of deep convection and heavy rainfall.

To clarify the impact of PETO and ENSO on atmo-
spheric circulation, Figure 4(a) and (b) shows the partial
correlation between PETOI and related zonally aver-
aged variables after removing the effect of ENSO. In
the positive phase of PETOI, the distribution of KE
(Figure 4(a)) features positive anomalies over the equa-
torial section of the subtropical jet. In addition, the zonal
wind pattern (Figure 4(b)) still captures the anoma-
lous westerlies over the subtropics. Figure 4(c) and (d)
shows the partial correlation between ENSO and related
zonally averaged variables after removing the effect of
the PETOL. In El Nifio years, the negative KE anomalies

© 2014 Royal Meteorological Society

over the tropics (Figure 4(c)) bear some similarity to
the correlation between ENSO and KE. In contrast,
anomalous westerlies (Figure 4(d)) occur over the trop-
ics. These results indicate that ENSO tends to dominate
over the tropics while the PETO is more important over
the extratropics.

3.4. Impact of PETO on climate

It is expected that the large-scale circulation anomalies
corresponding to PETO may have considerable impact
on climate. Figure 5(a) and (b) depicts the correlation
between the PETOI and precipitation and surface tem-
perature, respectively.

As shown in Figure 5(a), the winter PETOI
is positively correlated with precipitation in the
central—eastern tropical Pacific, whereas it is nega-
tively correlated with precipitation over the Maritime
Continent. Thus when the winter PETOI is positive,
the central —eastern tropical Pacific experiences wetter
conditions in contrast to the drier conditions in the
Maritime Continent. In addition, significant positive
correlation develops in and to the east of southeast
China, in subtropical North America and over the
Atlantic Ocean, suggesting wetter conditions over

Atmos. Sci. Let. 16: 119—-126 (2015)
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Figure 4. Partial correlation between PETOI and zonally averaged (a) KE (shading), (b) zonal wind (blue line) with the effect of
ENSO removed. Partial correlation between ENSO and zonal-averaged (c) KE (shading), (d) zonal wind (blue line) with the effect

of PETOI removed. Climatology is shown as in Figure 3.

these regions in a positive PETOI phase. In contrast,
significant negative correlations are observed in equa-
torial South America, southwestern Australia, and
southern Africa, indicating drier conditions in these
regions associated with a positive PETOI. As precipi-
tation is directly associated with moisture transport, it
is useful to investigate possible connections between
the PETO and moisture transport. The results suggest
strong convergence accompanies the abundant rainfall.
Figure 5(b) shows that significant positive correlation
between the winter PETOI and surface air temperature
(SAT) occurs in western North America and the tropics
except in the western Pacific, indicating above-normal
temperature conditions in these regions in positive
PETOI years. The correlation pattern between PETOI
and temperature advection suggests that anomalous
warming is usually related to warm advection (currents)
originating from low latitudes (the warm ocean).

To further clarify the influence of PETO on cli-
mate, we employ partial correlations to exclude the
possible effects of Nifio3.4. Figure 5(c) shows posi-
tive correlation in the eastern tropical Pacific, but neg-
ative correlation over the central tropical Pacific and
North China Plain, indicating that more rainfall devel-
ops in the eastern tropical Pacific, but less rainfall in the
central tropical Pacific and North China Plain in pos-
itive phases of PETOI. Figure 5(d) shows significant

© 2014 Royal Meteorological Society

negative correlation between SAT and PETOI in eastern
China, indicating cooling in eastern China in positive
PETOI years.

The effects of ENSO on global patterns of
abnormal rainfall and SAT have been extensively
discussed (Ropelewski and Halpert, 1987; Halpert
and Ropelewski, 1992). We also examine partial
correlations between ENSO and related variables to
exclude the possible effects of PETOI. Figure 5(e)
shows positive correlation over the equatorial cen-
tral Pacific, tropical North America and North China
Plain, implying that rainfall tends to be greater than
normal in these regions in ElNifo years. Moreover,
the Nifio3.4 index correlates negatively with rainfall
over the tropical western Pacific and tropical South
America, implying that these regions becomes drier
than normal in ElNifio years. Figure 5(f) shows
that positive correlation appears in eastern China,
suggesting that warming dominates eastern China
in El Nifio years.

4. Summary and discussion

On the basis of the PPE theory, PETO is identified in
boreal winter using a statistical method. With positive
(negative) PETO, PPEI is enhanced (suppressed) in the
tropics and suppressed (enhanced) in the extratropics.
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Figure 5. Correlation coefficients between the PETOI and (a) vertically integrated moisture transport (vectors) and precipitation
(shading), (b) 10 m horizontal wind (vectors) and 2 m temperature (shading) in DJF (1980—2010); (c, d) same as (a, b) but for partial
correlations with the effect of Nifio3.4 removed; (e, f) same as (a, b) but for partial correlations between Nifio3.4 and anomalies
with the effect of PETOI removed. Vectors that are significant at the 95% confidence level are shown.

The PETO is significantly positively correlated with
ENSO and negatively correlated with KE. These corre-
lations persist for both simultaneous and lead—lag rela-
tionships. The composite difference of generation terms
of PPEI in El Nifio and La Nifia years (not shown) indi-
cates that sources of PPE1 are observed near the equa-
tor whereas sinks of PPE1 are observed in the tropics
away from the equator, supporting the physical linkage
between the ENSO and PPEI1. With positive (negative)
PETO, KE is suppressed (enhanced) over the tropics
and enhanced (suppressed) over the subtropics. Theo-
retically, the relation between PPE1 and KE is linked
by a conversion term, which may be responsible for the
significant correlation. These results suggest that PETO
may be the key linkage between heating anomalies and
KE perturbations.

A negative (positive) PETO phase is associated
with weakened (strengthened) HC and shrinking—
strengthened (expanding—weakened) FC in the North-
ern Hemisphere, with strengthened (weakened) HC
and shrinking—weakened (expanding-—strengthened)

© 2014 Royal Meteorological Society

FC in the Southern Hemisphere, which favors pole-
ward (equatorward) shift of the subtropical jet stream.
Moreover, the partial correlation analysis indicates that
ENSO tends to dominate over the tropics while PETO
is more important over the extratropics.

The precipitation anomalies associated with PETO
emerge as a result of the combined effects of anoma-
lous descent (ascent) and moisture divergence (conver-
gence). Warm anomalies appear in the tropics apart
from the western Pacific in positive PETOI years, and
may be attributed to warm advection.

The above results were validated by comparison with
those found from data obtained from the ERA-Interim
and precipitation data from the GPCP. Generally, the
results are independent of the data source. While the
this article reports the PETO and the relations between
ENSO, KE and anomalous circulation patterns based
on statistical analysis, further studies are required to
investigate the detailed mechanisms of the underlying
interactions.
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and its governing equations.

Figure S1. Global distribution of area-weighted PPE1 (left pan-
els, units: 10°Jm=2), and PPE2 (right panels, units: 10° Jm~2).
Annual means (top panels), winter (middle panels; DJF), and
summer (lower panels; JJA).

Figure S2. Global distribution of area-weighted column-
integrated generation term (GEN) of PPE1 (left panels, units:
Wm™2), and conversion term (CON) from PPE1 to KE (right
panels, units: Wm™2). Annual means (top panels), winter
(middle panels; DJF), and summer (lower panels; JJA).
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