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ABSTRACT: The global climatology and long-term changes in the atmospheric energy cycle in the boreal winter are analyzed
using a local available potential energy framework using the fifth-generation ECMWEF reanalysis data during 1979-2021. In con-
trast to the classic Lorenz energy cycle, this local framework provides the local information of available potential energy (APE)
and its interactions with kinetic energy (KE), allowing the systematic study of barotropic and baroclinic processes. A further sys-
tematic decomposition of the APE and KE reservoirs into high- and low-frequency components is conducted to investigate the
source and sink terms that account for their spatial variations and long-term changes. The climatology of the local energetic bud-
get terms shows that the interplay between low-frequency APE and KE is mostly over the tropical and polar regions associated
with the thermally direct circulation there. Interactions involving high-frequency components are mainly located in the storm-
track regions. We show that under recent global warming, a prominent dipolar trend of changes is present over the Asia—Pacific
region for all energy forms. The long-term changes in the energy budget reveal how high-frequency APE intensification is due
to a stronger conversion from low-frequency APE upstream of the storm track and that this intensification can be compensated
by eddy advection away from the storm track, rather than conversion to kinetic energy in the proximity of the mean jet. This
provides evidence that a warmer climate substantially affects the energy cycle and, thus, the atmospheric circulation.

SIGNIFICANCE STATEMENT: Potential and kinetic energies are major components of atmospheric circulation.
Those energies and their generation, dissipation, and conversions provide insight into the dynamics of atmospheric cir-
culation. The Lorenz energy cycle, based on a global framework, has been fundamental in deepening our understanding
of the atmosphere. However, here we use a systematic local framework to gain a better understanding of atmospheric
circulation changes and how global warming has affected them. Our study finds a general intensification of the local
energy cycle over the last few decades.

KEYWORDS: Atmospheric circulation; Dynamics; Energy transport; Climate variability; Trends

1. Introduction this field is the introduction of the globally defined theory of
available potential energy (APE) (Lorenz 1955b). Physically,
the APE represents the maximum of potential energy available
for reversible conversions into kinetic energy (KE) (Tailleux
2013). This approach, exemplified by the widely accepted four-
box Lorenz energy cycle (LEC), provides valuable insights into
the relationships between eddy KE and eddy APE with respect
to zonal-mean KE and APE. In most models, the LEC is domi-
nated by the energy conversion pathways pertaining to baro-
clinic unstable eddies associated with storm-track dynamics
(Oort and Peixoto 1976; Li et al. 2007). Presumably, the LEC is
likely modulated by exchanges unrelated to storm-track dynam-
@ Denotes content that is immediately available upon publica- jcs, but their relative importance is difficult to quantify in a glob-
tion as open access. ally defined APE framework. To understand these, a local view
of APE, not restricted to any specific type of “mean” and capa-

& Supplemental information related to this paper is available  ble of describing the local energy transformations across various

at the Journals Online website: https://doi.org/10.1175/JCLI-D-24-  spatial and temporal scales, is a priori needed, but has remained
0106.s1.

The intricate interplay between solar insolation, atmo-
spheric circulation patterns, and the redistribution of energy
shapes our daily weather, regional climate, and ecosystems.
Understanding of the fundamental processes that govern the
transformation and redistribution of energy within the atmo-
sphere is crucial for unraveling the complex dynamics of
weather and climate systems and their response to external
forcings. A seminal work that has remarkably contributed to

uncommon. As the mean atmospheric circulation is far from
zonal, how to interpret the LEC and its responses to climate

Corresponding author: Christian L. E. Franzke, christian.franzke@ ~ change is far from straightforward in the global APE frame-
pusan.ac.kr work. In this paper, we show that investigating the issue from a
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local APE viewpoint is useful to get detailed insights into the
nature of the LEC. The LEC and globally defined APE theory
have played a pivotal role in assessing the global energy budget
using reanalysis datasets (Li et al. 2007; Marques et al. 2010;
Kim and Kim 2013; Pan et al. 2017; Ma et al. 2021), historical
model simulations (Boer and Lambert 2008; Lembo et al.
2019), and climate model projections (Ahbe and Caldeira 2017,
Michaelides 2021; Kanno and Iwasaki 2022). However, the
global character of APE and its focus on the zonal-mean circu-
lation are increasingly recognized as important limitations of
the framework, owing to the difficulties in linking the volume-
integrated energy pathways to regional ones. Attempts to adopt
a regional perspective on APE estimation have been made
(e.g., Oort and Peixoto 1976; Li et al. 2007; Ahbe and Caldeira
2017), but few studies have used a rigorously derived local APE
framework.

These conceptual difficulties and limitations associated with
the global APE framework prompted the quest for local avail-
able energetics. The possibility to construct Lorenz APE the-
ory from a local principle was first established by Holliday
and Mclntyre (1981), Andrews (1981), and Shepherd (1993);
see also Tailleux (2013, 2018) for a review and most recent
formulation. In contrast to the global APE theory, the local
APE theory defines the total APE of a system as the volume
integral of a positive definite APE density. Physically, the
APE density of a fluid parcel represents the path-independent
work against buoyancy forces (defined relative to a Lorenz
reference state density field) needed to move a fluid parcel
from its reference position to its actual position. Because the
APE density represents a fundamental property of a fluid
parcel, it is physically meaningful to speak of its advection,
diffusion, conversion with kinetic energy, or fluxes through re-
gional boundaries, which is not possible with the sign indefi-
nite integrand of the global APE theory.

Importantly, the local APE framework is not restricted to
any specific type of mean. By defining the concept of an
“eddy” relative to a temporal mean, ensemble means, or
other types of mean, the local theory provides a versatile and
adaptable framework for systematically investigating regional
energy conversions not necessarily restricted to storm-track
dynamics in many new and different ways. The usefulness of
the approach was first demonstrated by Kucharski and
Thorpe (2000) and then by Novak and Tailleux (2018), which
provided a three-dimensional representation of local APE
density and its budget terms using the ERA-Interim reanaly-
sis dataset. The globally integrated local APE can be easily
computed using pressure-level datasets with higher accuracy
than the traditional calculation of Lorenz APE on isobaric
surfaces under the quasigeostrophic approximation. One key
insight revealed by the local APE framework that had re-
mained inaccessible to the global APE framework is the im-
portance of the advection of APE in the storm-track regions
(Novak and Tailleux 2018) or in the core region of tropical cy-
clones (Harris et al. 2022).

In this study, we aim to present a comprehensive analysis of
the local APE framework, focusing on its interactions with
kinetic energy terms, which inherently possess a local nature.
In fact, the multiscale nature of atmospheric eddies (e.g.,
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Faranda et al. 2018; Lovejoy 2019; Franzke et al. 2020) implies
that all scales reproduce the same features of energy conver-
sions within eddies and that energy is transferred upscale and
downscale along a known kinetic energy cascade.

We utilize the fifth major global reanalysis produced by
ECMWF (ERAS; Hersbach et al. 2020) to examine the clima-
tology and long-term changes in energetic terms, offering a
holistic depiction of the atmospheric energy cycle within this
local energetic framework. Building upon the work of Novak
and Tailleux (2018), our study not only presents a complete
cycle of the local energetic framework but also investigates
its observed changes over the last few decades. By providing
a benchmark for understanding large-scale circulation changes
through the local APE framework, this work will contribute
to the advancement of atmospheric energetic research. The
remainder of this paper is organized as follows: Section 2
provides a brief introduction to the data and methodology
employed; section 3 documents the climatology of ener-
getic terms and their budget components; section 4 dis-
cusses the observed long-term changes in local energetics;
and finally, section 5 concludes with a summary and further
discussion.

2. Data and methods
a. Data

To analyze the energy cycle, we use the daily ERAS dataset
covering the period 1979-2021 at a horizontal resolution of 1°,
with 20 vertical pressure levels up to 50 hPa (Hersbach et al.
2020). We also tried more vertical levels extending up to
10 hPa. However, the results are similar, suggesting that the
20 levels we considered are enough to get robust results. The
principal atmospheric fields used include horizontal and vertical
wind, temperature, and geopotential. Energetic terms are first
computed using daily data and then aggregated into seasonal
means. We focus on the boreal winter (December-February),
when the jet stream and eddies are stronger in the Northern
Hemisphere.

b. Definition of low-frequency and high-frequency APE
and KE densities

As documented in Novak and Tailleux (2018), the original
atmospheric fields (e.g., temperature) are decomposed into
low-frequency and high-frequency components using a 10-day
low-pass Lanczos filter. Then, the low- and high-frequency
APE densities can be calculated separately based on filtered
fields. As APE is not a quadratic quantity, unlike KE, a noncon-
ventional low-frequency reference state of pressure p, is re-
quired for the separation into low-frequency and high-frequency
components. The term p, should satisfy 6 (p ., 1) = 6 and mirror
the dimensions of 6, with the overbar and tilde denoting the
10-day low-pass filter and nonconventional low-frequency mean,
respectively. Hence, the expressions of low-frequency and high-
frequency APEs can be written as

P = p {a(0, p) — [8,(p. ). pl}dp. (1)
P,
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P, = [ a(6.p) - al6,p. 0. pl}d 2y PLo Vovp 4 Saw —CyLV-VE 3+ 30
H , > P a|lb\p, 1), plsap. 2) ot : L C(?/—P/) r’g — =
" Advection L P, Diabatic

Here, « is the specific volume, 0 is potential temperature, p, is (5)
the reference state pressure using the isobaric averaging method,
and the subscript r denotes the reference state. ap B - T

We also apply the low-pass filter on zonal u and meridional M= -V.vP, -V -VP} + dd'0 +Cy=V-V¥
v components of the wind to get their low-frequency and high- o Mean advection Eddy advection m) "6
frequency parts. The high-frequency component, denoted by Py Py)
the prime in Eq. (4), is estimated as the residual between the + Y0+ 70 -0 + ¥ - ¥. )

original field and its low-frequency part. Thus, the expressions
of low-frequency and high-frequency KEs are

K, = %(ﬂz +79), 3)
I o )
KH*Q(“ + v'?). 4)

Note that this study exclusively focuses on the low-frequency
component of high-frequency KE in order to establish stron-
ger links with high-frequency APE and consequently complete
the energy cycle. The global-mean high-frequency component
of KE constitutes merely one and a half parts per 10000 of the
low-frequency components. Furthermore, we examined the
cross-scale interaction term @y’ + vv’, which is only at a mag-
nitude of approximately 3% of total KE and thus is neglected
in the energy cycle.

¢. Detailed expressions of the local energetic framework

In this part, the budget equations for various forms of en-
ergy are expressed mainly according to Novak and Tailleux
(2018) and Novak (2016), where the detailed derivation can
be found. However, we made some reformulations in the cal-
culations of some terms of the APE budget including the
eddy advection term in the high-frequency APE budget and
diabatic heating term. The eddy advection term in Eq. (29) in
Novak and Tailleux (2018) is calculated as a divergence term
—V-(V'P’) assuming the high-frequency component of wind
is nondivergent. Furthermore, the diabatic term is explicitly
estimated as the total derivative of potential temperature in
our calculations but is treated as a residual in Novak and Tail-
leux (2018). We found that the budget is better closed after
making this adjustment; hence, our residuals are smaller.

The budget of low-frequency and high-frequency APEs is
written in the form as described in Novak and Tailleux
(2018):

K, _
ot —_—

Advection C(Kyy

= ~V-VK, + V'V, -VV, =V-(V,V'V})
——m———

K;) Divergence

o +ue)+(0o+ve)

Diabatic

Here, ¢ is the time; V = (u, v, o) is the three-dimensional
wind in both horizontal and vertical coordinates; P = P; + Py
is the total APE; é represents the differences with respect to
the reference state; w is the vertical pressure velocity; C, is
the specific heat capacity at constant pressure; vy is the ther-
mal efficiency in Eq. (7), which is the same as that in Lorenz
(1955a); x is the additional diabatic term associated with
temporal changes in the reference state in Eq. (8); and Q is
the diabatic heating rate. The terms vy and y are calculated
as follows:

T-T

Y= T ’ (7)
pan

x= | v ®)

The physical meanings of the terms of Eq. (5) from left to
right are as follows: local temporal tendency of low-frequency
APE indicating how low-frequency APE will change, mean
advection of low-frequency APE which horizontally trans-
ports APE, conversions from low-frequency KE to APE, con-
versions from high-frequency to low-frequency APEs, and
diabatic heating terms which generate low-frequency APE.
The interpretations of the terms of Eq. (6) are as follows: lo-
cal temporal tendency of high-frequency APE indicating how
high-frequency APE will change, mean advection of high-
frequency APE and eddy advection of total APE which both
describe the horizontal transport of APE, conversions from
high-frequency KE to APE, conversions from low-frequency
to high-frequency APEs, and diabatic heat terms which de-
scribe the generation of high-frequency APE.

The budget of low-frequency and high-frequency KEs fol-
lows that given in Novak (2016):

-V-Vé® —daw+ V,F
— S——
Geopotential advection C(P, , K ) Friction flux

apg ’ ©

Spherical
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Ky v v 7 2 VAR va Vi 7 S
—+= —-V:-VK, -V VK, -VV,-VV, -V -V5P — 6w + V,F
ot — ———— —_—
Mean advection Eddy advection C(K,, Ky) Geopotential advection C(Py;, Kj) Friction flux
uu'v' — vu'u’ ou'n +unew +vve + o
- tan¢ + . (10)
a apg

Spherical

Note that our discussion of energetics assumes atmospheric
motions to satisfy the hydrostatic primitive equations. As is
well known, closing the energy budget of these equations re-
quires neglecting the vertical component of velocity. The Co-
riolis force is normal to the horizontal velocity field and
therefore does not contribute to the kinetic energy budget
(Persson 2005; Brostrom et al. 2014). Here, V;, = (u, v) is the
horizontal wind; ¢ is the latitude; & is the geopotential;
g is the gravitational constant; p is the air density; and F =
(Fy, F,) represents frictional forces.

The physical meanings of the terms of Eq. (9) from left to
right are as follows: local temporal tendency of low-frequency
KE, mean advection of low-frequency KE, conversions from
high-frequency to low-frequency KEs, horizontal divergence
of the high-frequency momentum flux, mean advection of
low-frequency geopotential anomaly with respect to the refer-
ence state, conversions from low-frequency APE to KE, the
friction flux, and terms associated with the spherical geome-
try. The interpretations of the terms of Eq. (10) are as follows:
local temporal tendency of high-frequency KE, mean advec-
tion of high-frequency KE, eddy advection of high-frequency
KE, conversions from low-frequency to high-frequency KEs,
low-frequency eddy advection of high-frequency geopotential
anomaly with respect to the reference state, conversions from
high-frequency APE to KE, the friction flux, and terms associ-
ated with spherical geometry.

d. Long-term changes

The statistical significance levels of long-term changes in
the energetic terms and their budget between two different
time epochs (i.e., 2007-21 and 1980-94) are estimated by the
two-sided Student’s ¢ test. A 10-day Lanczos (Duchon 1979)
filter is implemented to the original atmospheric fields to
eventually partition the APE and KE terms into low and
high frequencies, thereby enabling us to investigate interac-
tions between synoptic-scale (i.e., high-frequency) waves and
Rossby (i.e., low-frequency) waves associated with synoptic-
scale weather systems and the slowly varying circulation,
respectively.

3. Climatology of the atmospheric energetics
a. Climatology of APE and KE terms

Figure 1 shows the spatial distribution of the boreal winter
climatology of APE and KE and their interannual standard
deviations. The APE and KE terms are further partitioned
into low-frequency (periods of more than 10 days) and high-

frequency (periods of less than 10 days) parts, which are de-
noted by subscripts L and H, respectively. Along with their
budget terms, the energetic interactions between the transient
disturbances on synoptic scales and low-frequency Rossby
waves (i.e., L = low-frequency waves + zonal mean flow) can
be explicitly evaluated. The centers of P, are mostly con-
centrated over the high-latitude region north of 60°N with
maximum amplitude in the upper troposphere at 400 hPa
(Figs. la,e). Interestingly, this vertical distribution contrasts
with that of the classical Lorenz energy cycle, which shows a
maximum of the zonal-mean APE near the surface in polar
regions (Peix6to and Oort 1974; Li et al. 2007; Kim and Kim
2013). It is mainly because the local APE is defined as the inte-
grated buoyancy force for each air parcel between the actual
level and the reference level of pressure. The reference pres-
sure level should satisfy 6,(5,, t) = 6. The reference state pres-
sure of each air parcel depends on the differences between the
actual state and the reference state (i.e., isobaric mean) of
the low-frequency potential temperature (Figs. Sla,b in the
online supplemental material). The negative potential temper-
ature anomalies indicate that the air parcel needs to descend
to reach the reference state and vice versa over the tropics.
Despite the larger negative anomalies near the surface over
the Arctic, the air parcel there can only descend toward the
lowest pressure level (i.e., 1000 hPa at maximum). That is why
the differences between p and j, are relatively small near the
surface (Fig. S1d). By contrast, they are much larger in the up-
per troposphere around 300 hPa over the Arctic. Positive and
negative values of differences in pressure between the actual
and low-frequency reference states indicate how far the parcel
would need to travel to reach its level of neutral buoyancy on
these low-frequency time scales. As the differences are mar-
ginal near the surface (Fig. S1d), P; has a relatively small mag-
nitude according to Eq. (1). Overall, P, is more sensitive to
the pressure difference between the actual and reference
states than potential temperature differences. We also note
that most previous studies on the classical LEC providing a lo-
cal view of APE assume that the globally defined LEC can
also be interpreted in a local sense, even though this contra-
dicts the derivation of the LEC (Novak and Tailleux 2018).
Horizontally, the P, peaks are mainly located at the regions
(e.g., northeastern Russia and Greenland) with relatively
lower temperature (Kallberg et al. 2005). This is expected as
APE is intimately related to a horizontally invariant reference
state based on isobaric mean potential temperature. This is
also the reason for the second maximum over the tropics and
the minimum of APE in midlatitudes between 30° and 60°
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FIG. 1. The spatial distribution of the vertically integrated (1000-50 hPa; mass-weighted) climatological (a) low-
frequency APE P; (shading), (b) high-frequency APE Py, (c) high-frequency APE Ky, and (d) low-frequency KE
K, in the boreal winter (December-February) during 1980-2021. (e)-(h) As in (a)—(d), but for zonal average over
the globe. The values in parentheses represent the global mean of energetic terms. The contours denote the annual

standard deviation, and the units of these energetic terms are in 10° J m ™2,

depending on the potential temperature departure from the
isobaric mean. Overall, the pattern of P, follows that of the
pressure differences between the actual state and the low-
frequency reference state (Fig. Slc). The centers of the inter-
annual standard deviation in high latitudes are well collocated
with the large P; areas horizontally but vertically shifted
slightly upward (Figs. la,e). The maxima in high-frequency
APE Py are located in the midlatitudes, close to the storm
tracks. They are concentrated over the downstream region of
the P; centers to the south, such as the northwestern Pacific,
the northwestern Atlantic, and the northern part of the South-
ern Ocean (Fig. 1b), suggesting important conversions from
low-frequency to high-frequency APEs. In the global average,
Py is one forty-fifth of P;. The adjacent locations of high-
frequency APE maxima and storm tracks (i.e., high-frequency
KE in Fig. 1¢) indicate a close association between them. The
corresponding energy conversion terms will be discussed in

2

more detail in the next section. Vertically, there are two peaks
at 500 and 200 hPa in the middle of the troposphere and the
lower stratosphere, respectively (Fig. 1f). The peaks of the Py
standard deviations generally follow their maximum values.
These findings are consistent with those in Novak and Tailleux
(2018) based on the ERA-Interim reanalysis dataset.

In the distribution of Ky, there are two maxima over the
North Pacific and North Atlantic regions in the Northern
Hemisphere matching up with locations of the storm tracks at
around 300 hPa (Figs. 1c,g), where strong transient disturban-
ces occur. Note that the Pacific Kz center is less collocated
with the Py maximum than that over the Atlantic (Fig. 1c).
There are two centers of standard deviation residing on the
northward and southward sides of the K peaks (Fig. 1g),
indicating a meridional oscillation of storm tracks on the
interannual time scale. Upstream and equatorward of the Kj;
maxima, K; peaks over the northwestern Pacific and the
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FIG. 2. The distribution of climatological budget terms for low-frequency APE (W m™?). Vertically integrated
(1000-50 hPa; mass-weighted) (a) mean advection (shading), (b) conversion from high-frequency to low-frequency
APEs C(Py, Pp), (c) conversion from low-frequency KE to APE C(K;, P;), and (d) generation of low-frequency
APE G(Py) in the boreal winter (December-February) during 1980-2021. (e)-(h) As in (a)—(d), but for zonal aver-
ages over the globe. The values in parentheses represent the global mean of conversion terms. The contours denote

the annual standard deviation.

northwestern Atlantic, showing the location of the jet stream
(Figs. 1d,h). Differently from the Pacific jet, a clear separation
between the subtropical and eddy-driven jets is seen over the
Atlantic (Fig. 1d), identifying the split jet structure. The stan-
dard deviations are shifted northward and to the downstream
area of the K; maxima, overlapping with the storm-track
centers. Momentum converges there and feeds back onto
the low-frequency circulation which sustains the jet. In the
latitude—pressure cross-sectional plot, two standard deviation
centers are displayed on the northern and southern sides of
the K, peaks over the Southern Hemisphere but not over the
Northern Hemisphere (Fig. 1h) where the jet may vary more
in terms of intensity on interannual time scales during the bo-
real winter. This splitting feature of the jet over the Southern
Hemisphere is also visible in Ky (Fig. 1g). Note that K is
dominated by the subtropical jet that could be due to the fact

that K, captures the dynamics of the waveguide of the sub-
tropical jet. The magnitude of KE in transient disturbances is
about one-sixth of that of the low-frequency circulation on
global average.

b. Climatology of low-frequency APE budget terms

Figure 2 shows the distribution of the budget terms for P,
according to Eq. (5). Note that we show terms with a rela-
tively small magnitude in supplementary figures (i.e., local
tendency in Fig. S2). The negligible role of the residual term,
estimated as the differences between the local tendency term
and the sum of the terms on the right-hand side of Eq. (5),
shows that the P, budget is well closed, and moreover, the
residue is mostly situated in the stratosphere.

Large anomalies of the mean advection mainly appear in
the midlatitudes, where there is concurrent occurrence of
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strong winds and a large P, gradient in the Northern Hemi-
sphere (Fig. 2a). There are two salient positive anomalies of
mean advection terms: One is over eastern China extending
eastward toward the Pacific across Japan; and the other is
over the eastern United States and the northwestern Atlantic.
We further decompose the mean advection into different
components in meridional, zonal, and vertical directions
(Fig. S3). Interestingly, a generally strong compensation is re-
vealed between the meridional and zonal components, with
relatively small contributions coming from the vertical com-
ponent. The positive anomalies over land are mainly related
to meridional advection on the western side of the P, peaks
associated with northerly cold air intrusion, while those over
the downstream ocean are mostly associated with zonal ad-
vection on the P, peaks by the westerlies, consistent with
cold air outbreaks. Near the poles, positive anomalies in the
lower atmosphere are mostly attributed to the vertical compo-
nent due to the extremely cold continents, such as Greenland
and Antarctica (Figs. 2a,e). The visible downward motion
there would transport P; from the mid- to lower tropospheres
along the gradient. Theoretically, the advection term should
integrate to zero globally under the assumption of mass con-
servation, in which case the volume-integrated budget equa-
tions would reduce to those of the classical LEC budget. This
assumption is the backbone of the classic LEC budget, which
uses globally integrated terms. The terms associated with
spherical geometry in the kinetic energy budget are either
canceled out or often neglected because of their small magni-
tude (Oort 1964). Then, the sum of APE and KE will be con-
served under frictionless and adiabatic flow. The nonzero
advection part mainly comes from the vertical component
(Figs. S3e,h) and resembles positive anomalies of wind con-
vergence, mostly the low-frequency component (Figs. S4c,d).
Note that the vertical velocity may not be reliable over
Greenland and Antarctica due to some data artifacts and our
method of using coarse vertical integrals in stable boundary
layers over complex terrain. The nonzero values of conver-
gence mean that the continuity equation is not satisfied, and
thus, the mass and energy are not totally conserved. This is a
common problem in the reanalysis due to data assimilation
(Hersbach et al. 2020). Although methods have been pro-
posed to correct mass and energy conservation issues in rean-
alysis products (Trenberth et al. 2009), implementing these in
practice represents a major undertaking that we did not at-
tempt in this study. For this reason, the globally integrated
values estimated using reanalysis may not be reliable and
should therefore be interpreted with caution. Although such a
limitation has remained largely unnoticed so far, it should be
noted that all published studies of the classic LEC based on
uncorrected reanalysis products may be affected. A key hy-
pothesis of this study is that local energy conversions are only
affected at the second order by mass and energy conservation
errors in reanalysis products and therefore more reliable. The
standard deviations mainly peak in the polar regions in the
mid-upper troposphere, which likely depends on the P,, val-
ues (Fig. 2a).

The pattern of interactions between Py and P [ie.,
—Cpil(T/ﬁ)VV’G’] remarkably resembles that of Py but is
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slightly shifted to the north, such as strong anomalies over the
northwestern Pacific, the northwestern Atlantic, and the
northern Southern Ocean (Figs. 2b,f, and 1b.f). Negative
anomalies denote conversions from P, to Py, indicating that
P, is the main source of Pj. The principal terms accounting
for C(P;, Py) are thermal efficiency ¥ and divergence of heat
transport by transient eddies V-V’6#’ from its expression in
Eq. (5). The thermal efficiency is defined as the thermal dif-
ferences between the actual state and the reference state, with
a relatively larger amplitude over tropical and polar regions
in the upper troposphere dominated by the meridional term
(Fig. S5) in accordance with the pattern of P;. The heat trans-
port by transient eddies is dominated by the meridional term,
which tends to move heat toward polar areas and to smooth
out latitudinal temperature gradients, particularly over the
storm-track region (Lau and Oort 1982). Decomposition of
the divergence of transient eddy heat transport reveals that
the main contributions come from the meridional and vertical
components (Fig. S6), bringing heat toward high latitudes and
the upper troposphere, respectively. As marginal variation is
found in different years, all the decomposition terms in the
supplemental figures use the year 1979 data as an example.
Although the heat transport divergence by transient distur-
bances peaks near the surface and at 300 hPa, the C(Pr, Py)
maxima are only around 300 hPa (Fig. 2f) depending on the
product of thermal efficiency and heat transport divergence
by transient eddies.

The climatological global-mean value of C(K, P.) is
—1.58 W m~2 (Fig. 2c) in contrast to previous estimates with
a minor magnitude and inconclusive sign using the classic
LEC due to the canceling effect between the Hadley and Fer-
rell cells (Li et al. 2007). This highlights the important role of
low-frequency waves in transforming P; to K;, which is not
considered in the zonal-mean component of LEC. Further-
more, the pattern of C(K,, P,) mostly reflects the overturn-
ing of the thermally direct circulation, while the Ferrel cell
plays a dominant role in the LEC (Li et al. 2007). Another
possible reason partly accounting for the differences could be
large negative anomalies near the surface around the South
Pole (Fig. 2g), which are mainly attributed to the strong
downward motion there associated with high and complex to-
pography (Fig. S7f) or because the separation into eddy and
mean components is different. The conversions from K; to
P; are determined by the product of a and @ [see Eq. (5)].
The symbol & represents differences between the actual state
and the global-mean reference state. The term da shows a tri-
polar pattern with positive anomalies over the tropics and neg-
ative anomalies residing on the northern and southern sides
(Fig. S7e). The horizontal distribution of C(K;, P;) bears a
similar pattern to w (Fig. 2c and Fig. S7¢), displaying the same
sign over the tropics and the opposite sign to the poleward
sides. Strong interactions between K; and P; are mainly lo-
cated over the tropical and polar regions, where a thermally
direct circulation dominates. Not surprisingly, relatively weak
conversion appears in the midlatitudes where transient eddy
processes play a more important role. The tropical anomalies
clearly exhibit a similar distribution to the climatological pre-
cipitation, such as the intertropical convergence zone structure
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and the Pacific dipole associated with the Walker circulations.
A possible physical interpretation of this is that the strong neg-
ative anomalies over the tropical Indo-Pacific and western
Atlantic regions and associated surrounding positive anomalies
over the subtropics and eastern Pacific are associated with the
conversion of P, to K;, which likely supports the maintenance
of the Hadley and Walker circulations. This conversion process
is mainly characterized by the descent of cold and heavy air
and the ascent of warm and light air. Analogously, near the
poles, the decrease in P, contributes to downward motion and
sustains the polar cell. The latitude—pressure distribution of
C(Ky, Pr) also resembles that of the vertical velocity, with
maxima in the mid-upper troposphere over the tropics and
near the surface at the poles (Figs. 2g and 6f). In the midlati-
tudes, positive anomalies are present over the oceans, while
negative anomalies are shown over land, particularly over the
Pacific sector, which are associated with the thermally indirect
circulation due to low-frequency eddy motions (Fig. 2c).

The C(K;, P;) and diabatic generation terms are the domi-
nant contribution terms in the P; budget (Figs. 2c,d). The op-
posite sign between them indicates that the major part of the
P, generation term is mostly consumed by conversion into
low-frequency kinetic energy by C(K,, P), particularly in
the tropics. The generation term is mainly contributed by 40,
while —¥ plays a marginal role, suggesting that the reference
state is not highly time dependent. Thus, P, will be created
where the thermal efficiency and diabatic forcing are posi-
tively correlated primarily over the equatorial and polar re-
gions and vice versa will be dissipated in midlatitudes. In
contrast to Novak and Tailleux (2018), who calculate the dia-
batic term as a residual of the budget equation, we estimate
the diabatic heating term Q explicitly according to the ther-
modynamic equation as the total derivative of potential tem-
perature. In this sense, our well-closed budget for P, further
demonstrates the validity of the local energetic framework.
Figure S8 shows a comparison of diabatic heating (year 1979
as an example) between our diagnostic and ERAS reanalysis.
This comparison shows marginal sensitivity to the year we
choose. Patterns and magnitudes both agree with each other
quite well albeit with discrepancies particularly in the lower
atmosphere. These differences may come from either numeri-
cal errors or subdaily processes in ERAS associated with the
diurnal cycle which are not considered in our daily estimates.
The latitude—pressure distribution of the diabatic heating rate
is characterized by heating in the southern deep tropics and
cooling in the northern deep tropics and polar regions
(Fig. S9¢), which are likely induced by latent heat release and
longwave radiative cooling, respectively (Figs. S9fh). The
positive maxima near the surface in the Northern Hemisphere
are mainly located over the storm-track region (Fig. S%e),
which may be associated with diabatic heating due to strong
boundary mixing and latent heat release. Given the distribu-
tion of the thermal efficiency (Fig. S5), the diabatic heating
over the southern deep tropics and cooling over the northern
deep tropics result in APE increases and decreases, respec-
tively (Fig. 2h). This is because the tropics are warmer than
other latitudes so that the tropical warming and cooling
anomalies increase and decrease the integrated buoyancy
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force for air parcels to reach the reference state. The spatial
distribution of G(P.) bears a similar structure as mean pre-
cipitation suggesting an important role of diabatic heating in
generating P; (Schneider et al. 2014). This also suggests that
the precipitation associated with the ITCZ is a major energy
source of P;. By contrast, the polar regions are relatively
cooler; therefore, the longwave diabatic cooling raises local
temperature departures from the reference state on isobaric
surfaces and subsequently contributes to increases in inte-
grated buoyancy force and local APE (Fig. 2h). As the ther-
mal efficiency is of much larger magnitude in the mid-upper
troposphere than in the lower atmosphere, the diabatic gener-
ation term tends to be stronger aloft, although diabatic heat-
ing is strong near the surface in the storm-track region.

¢. Climatology of high-frequency APE budget terms

As discussed above, the low-frequency APE is the major
source for high-frequency APE through eddy mixing across
strong temperature gradients at 300 hPa (Figs. 3c,h). The
conversions from low-frequency to high-frequency APEs
C(P., Py) and from high-frequency APE to KE C(Ky, Pp)
constitute the two most important terms for the Py budget
analysis and largely compensate each other (Figs. 3c,d,h.i),
which is in agreement with the classic LEC framework. The
C(Pr, Py) and C(Ky, Pp) terms are maximized poleward of
and at the location of the storm-track entrance regions, respec-
tively. The centers of C(Ky, Py) are shifted downward at
about 400 hPa below those of C(P;, Pg) in the vertical dimen-
sion (Figs. 3h,i). This vertical mismatch of centers between
two conversions is mainly transformed by the eddy advection
term of Eq. (6) (i.e., —V’-VP7}). The total APE Pr is mostly
advected equatorward and downward at the entrance of the
storm track by transient eddies, leading to decreases and in-
creases in the northern and southern flanks of the eddy APE
centers, respectively (Fig. 3b). Subsequently, these increases in
Py are converted into K, with a secondary replenishment of
Py due to the generation term G(Pp). The peaks of the stan-
dard deviation of C(Ky, Py) are well collocated with their
maxima, indicating that the variations are primarily in inten-
sity on the interannual scale. The term G(Pp) is mostly con-
tributed by v’ Q’ as the 30 and 70 terms contribute almost
equally and compensate each other. The sensible and latent
heat released from eddy processes within the storm-track re-
gions increases Py. Compared to the P, generation term, Py
generated due to diabatic heating is much smaller in magni-
tude, pointing to the driving role of diabatic heating anomalies
in generating APE associated with thermally direct circulation
systems (e.g., Hadley, Walker, and polar cells). The advection
by the low-frequency flow is relatively weaker than other bud-
get terms (Figs. 3a,f), which is only one-fifth in the amplitude
of the advection term by transient eddies. Note a different
color scale is used. It features a zonal structure over the north-
ern Pacific and Atlantic (Fig. 3a), characterized by negative
and positive values in the entrance and exit regions of jet
stream. Positive and negative values are situated on the east-
ern and western sides of Py centers, respectively, revealing a
downstream advection of Py, by the low-frequency flow.
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FIG. 3. The distribution of climatological budget terms for high-frequency APE (W m™2). Vertically integrated
(1000-50 hPa; mass-weighted) (a) mean advection (shading), (b) eddy advection of high-frequency total APE, (c) con-
version from low-frequency to high-frequency APEs C(P., Pp), (d) conversion from high-frequency KE to APE

C(Ky, Pp), and (e) generation of high-frequency APE

G(Py) in the boreal winter (December—February) during

1980-2021. (f)—(j) As in (a)—(e), but for zonal averages over the globe. The values in parentheses represent the global
mean of conversion terms. The contours denote the annual standard deviation.

d. Climatology of high-frequency KE budget terms

The midtropospheric Ky between 900 and 300 hPa is mainly
converted from P over the upstream part of the storm-track re-
gions in the Northern Hemisphere as discussed in the previous
section (Figs. 4b,g). Most of K; is consumed by —V’ - Vod’ (ie.,
advection of high-frequency geopotential anomalies with respect
to the reference state by transient eddies; Fig. 4g), which repre-
sents the pressure work term associated with eddies (Orlanski

and Katzfey 1991). Further decomposition of —V’-V8d’ into
different components shows that the midtropospheric negative
anomalies are mainly contributed by the vertical component, sug-
gesting a downward transport of geopotential (Figs. S10c.f). The
zonal and meridional components largely offset each other above
900 hPa but have a synergistic effect in generating Ky in the
lower troposphere (Figs. S10a,b,d,e). In the upper troposphere,
the overwhelming effect of positive anomalies due to the meridi-
onal advection results in increases in K in the midlatitudes
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FIG. 4. The distribution of climatological budget terms for high-frequency KE (W m™?). Vertically integrated
(1000-50 hPa; mass-weighted) (a) mean advection (shading), (b) conversion from high-frequency APE to KE C(Py, Ky)),
(c) low-frequency eddy advection of high-frequency geopotential anomaly with respect to reference state —V’-V§d’,
(d) conversion from low-frequency to high-frequency KEs C(K;, K), and (e) dissipation of high-frequency KE D(Ky) in
the boreal winter (December—February) during 1980-2021. (f)—(j) As in (a)—(e), but for zonal averages over the globe. The
values in parentheses represent the global mean of conversion terms. The contours denote the annual standard deviation.
The term V represents three-dimensional wind including both horizontal and vertical components.

(Fig. 4h). This increased Kj; is later converted into K; located at
the end of the storm-track region, where barotropic processes
dominate associated with momentum convergences in the upper
troposphere to maintain the jet stream (Figs. 4d,i). The dominant

sink term for K, is dissipation through friction, mainly located in
the storm-track region within the planetary boundary layer
(Figs. 4e,j). The pattern of —V - VK, (advection of high-frequency
kinetic energy) is characterized by negative and positive values to
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the west and to the east of the K; center, respectively, over the
northern Pacific and Atlantic (Fig. 4a). This may suggest the role
of downstream Kj; advection by the low-frequency flow in
the life cycle of a baroclinic disturbance. A dipole pattern
contribution is seen in the upper troposphere in the rotation
term, with negative values over the midlatitudes and rela-
tively weaker positive values to the north (Figs. S11c,f). This
metric term is mainly contributed by the tangent term of
the spherical term —[(Zw'v' — vu'u’)/altand (not shown) in
Eq. (10).

e. Climatology of low-frequency KE budget terms

Analogously to the K budget, C(P;, K;) is mostly com-
pensated by —V - V6 (i.e., low-frequency advection of geopo-
tential anomalies) in the tropics and polar regions (Figs. Sh,i),
which denotes the effect of work done by the pressure force
associated with the low-frequency flow (Holopainen 1978).
This low-frequency advection term broadly resembles its verti-
cal component with marked compensation effects between the
zonal and meridional components (Fig. S12). Within the storm
track, the negative C(P,, K;) anomalies suggest an increase in
large-scale baroclinicity via the ageostrophic meridional flow
(Fig. 5b), which is partially offset by the barotropic conversion
from high- to low-frequency KEs at the end of the storm track
(Fig. 5d; Novak 2016). Additionally, K, is generated at the en-
trance of the jet stream, while being consumed at the end
(Fig. 5c¢), largely opposing the low-frequency advection of K,
(Fig. 5a). This offsetting effect of the latter on the former (i.e.,
reduction in K ) is also evident in the zonal mean at 200 hPa
between 30° and 60°N (Figs. 5g,i), with secondary supple-
ment from C(Ky, K;), D(K.), and =V-(V,V'V}) terms
(Figs. 5j,k,1). Inspection of the term corresponding to the con-
vergence of the momentum transport by the mean flow
-V (V_h V’V,,) shows a meridional dipole over the northwest-
ern Pacific and Atlantic, with negative and positive values
straddling the jet core axis to the south and the north, respec-
tively, suggesting a northward displacement of the jet stream
(Figs. 5¢.k). This term —V - (V, V'V},) is primarily contributed
by the component —V-(zV’u’) associated with equivalent
barotropic westerly momentum transport of Reynold’s stress
in the meridional direction —V - (@ v"v”) (Fig. S13). The sink of
K is largely due to the dissipation term due to friction within
the planetary boundary layer (Figs. 5f]l). Its magnitude is
about two times the Ky dissipation. Note that there are dis-
cernible positive values of dissipation in K; over the northeast-
ern Pacific and midlatitudes in the zonal-mean distribution,
which could be related to Ekman pumping (Feldstein 2002,
2003).

4. Long-term changes in the atmospheric energetics

In the previous section, we have identified the three-
dimensional spatial distribution of climatological features of
atmospheric energetics. Now, we proceed to examine their
long-term changes, which can help to provide a new per-
spective for understanding climate change. Figure 6 displays
the long-term changes in different energetic forms and asso-
ciated budget terms averaged over 0°-360°, 60°S-60°N during
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1980-2021. The polar region is excluded because of the non-
conservation issue of mass and energy there. There is a signifi-
cant increasing trend of Py and Ky, suggesting intensified
eddy and storm activities, which is consistent with previous
studies on historical changes in eddy energetics using reanaly-
sis (Pan et al. 2017; Ma et al. 2021). These prominent increases
in Py and Ky well correspond to the significant increasing
trend of the conversion terms, C(P;, Py) and C(Py, Kp),
respectively. This finding indicates an increase in baroclinic in-
stability, which mainly occurs in the midlatitudes at the synop-
tic scale and is associated with the conversion of P; to Py and
subsequently to Kz (Lembo et al. 2019). The low-frequency
energetic forms also show increases but do not reveal any sig-
nificant long-term changes. It is noteworthy that climate model
studies tend to present a suppressed energy cycle in response
to a warming scenario (Lucarini et al. 2010; Michaelides 2021;
Kanno and Iwasaki 2022). This controversy between observed
historical and projected future changes may be because the
model cannot replicate the observed atmospheric energy
cycles, mostly too vigorous in model simulations as suggested
by Boer and Lambert (2008). Revealing the exact reason why
there are differences between historical and future changes in
energy cycles is out of the scope of our current study. Our
work overall agrees with the previous literature using reanaly-
sis, and it may be useful to investigate this controversy from a
local perspective in the future. Next, the characteristics of
long-term changes in energetics will be explored from a re-
gional view over the boreal winter hemisphere.

a. Long-term changes in APE and KFE terms

Figure 7 shows the long-term changes in various energetic
forms between two 15-yr time periods (i.e., 2007-21 and
1980-94). We also checked the changes between two 20-yr
time periods, which are highly consistent with those presented
in the following analysis. There is a prominent decrease in the
low-frequency APE over the Arctic (Fig. 7a). This is expected
as the temperature over the Arctic increases much faster than
that over other regions, a phenomenon referred to as “Arctic
amplification” (Serreze et al. 2009). The increases in tempera-
ture reduce the departure from the isobaric mean over the
Arctic. As a result, the magnitude of differences in pressure
between actual state and low-frequency state becomes
smaller, characterized by positive anomalies (Fig. S14) in con-
trast to the negative climatology (Fig. S1). The decreases in
differences in p — p, subsequently reduce APE over the Arc-
tic. Similar to the climatology, stronger changes in P, appear
in the upper troposphere than near the surface resembling the
changes in p — p, despite the pronounced surface Arctic
warming. In the midlatitudes, a significant increasing trend is
displayed over Siberia in conjunction with a significant cool-
ing trend at layers between 600 and 400 hPa (not shown), in-
creasing the temperature variance locally. This temperature
trend pattern has been referred to as the warm Arctic-cold
Eurasia pattern (Shepherd 2016) and has been linked to a
weakened polar vortex in the Arctic amplification era from
1990 onward (Kretschmer et al. 2018). Subsequently, it leads
to changes in stationary wave patterns, storm tracks, and
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FIG. 5. The distribution of climatological budget terms for low-frequency KE (W m™2). Vertically integrated
(1000-50 hPa; mass-weighted) (a) mean advection, (b) conversion from low-frequency APE to KE C(P;, K} ), (c) mean
advection of low-frequency geopotential anomaly with respect to reference state —V - V6®, (d) conversion from high-
frequency to low-frequency KEs C(Ky, K;), (e) convergence of the mean flux of westerly momentum in meridional
direction —V - (V, V'V},), and (f) dissipation of low-frequency KE D(K;) in the boreal winter (December—February)
during 1980-2021. (g)~(1) As in (a)—(e), but for zonal averages over the globe. The values in parentheses represent the
global mean of conversion terms. The contours denote the annual standard deviation. The term V represents three-
dimensional wind including both horizontal and vertical components. The term V), denotes horizontal wind.
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FIG. 6. Time series of different energetic (kJ m™~2) and associated conversion (mW m™?) terms in winter averaged
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alysis. The straight line indicates the linear trend. Slope and significance levels are denoted by s and p values, respec-
tively, in the upper-left corner of each panel. The red shading denotes the 95% confidence interval of the fitted line.

associated jets (Simpson et al. 2016; Coumou et al. 2018). In
the downstream area, there is a dipolar trend of P over the
northern Pacific, with positive and negative anomalies on the
northern and southern flanks of the climatological maxima,
respectively, suggesting a northward displacement of the Py
center (Fig. 7b). This increasing trend of Py is located slightly
southward and downward of that of P;, similar to their clima-
tological structure (Figs. 7e,f), which may indicate a strength-
ened conversion from P; to Py. Another important feature
of the Py trend is characterized by a homogeneous increase
over the tropics throughout the troposphere. These increases
coincide well with the upward trend of Ky (Figs. 7c,g), indi-
cating increases in synoptic disturbances under global warm-
ing. To the north over the northern Pacific, there is a dipole of
trends in Kj; at 300 hPa, resembling that of Py but slightly
shifted toward the downstream region and showing a north-
ward shift of storm tracks over the Pacific (Wang et al. 2017).
This means a northward shift of the storm tracks possibly re-
lated to conversions from Py to Ky. In addition, the dipolar
structure of the Kj; trend is situated to the northeast of the
K; trend with a similar polarity (Fig. 7d). The jets thus can
gain and lose more energy at the entrance of the northern and
southern flanks of the storm tracks, respectively, highlighting
the role of conversion from Ky to K; in the northward shift

of the jet stream over the Pacific. Such a northward shift of
the jet stream is also reported in Simmons (2022). This shift of
storm tracks and jet streams has been found closely linked to
the variations in the location or intensity of extreme weather
events in the midlatitudes including coastal flooding (Colle
et al. 2008), heatwaves (Chang et al. 2016), and wildfire activ-
ity (Dannenberg and Wise 2017). Interestingly, the associated
energetic changes are much weaker or insignificant over the
Atlantic than in the Pacific. This zonal asymmetry has also
been reported in previous studies (Wang et al. 2017; Oudar
et al. 2020; Priestley and Catto 2022). For instance, Wang et al.
(2017) revealed a weakening of the storm track over the
North Atlantic and a poleward displacement over the North
Pacific during 1979-2015 and attributed these changes to the
baroclinic energy conversion changes associated with eddy—
mean flow interactions as a result of the weaker meridional
gradients. In the following section, we will examine variations
in the conversion terms, which can enable us to gain a better
and comprehensive understanding of the regional energetic
form changes.

b. Low-frequency APE budget changes

The long-term changes in the budget terms are examined to
delineate how the contribution of different conversion terms
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FIG. 7. The long-term changes (10* J m™2) in energetic terms in the boreal winter (December—February) during
1980-2021. (a) Low-frequency APE, (b) high-frequency APE, (c) high-frequency KE, and (d) low-frequency KE.
Black dots mark the grid points where the changes are at the 0.05 significance level according to the Student’s ¢ test.

(e)—(h) Asin (a)—(d), but for zonal averages over the globe.

varies between the two time periods. The long-term changes
in P; mean advection feature an increased band from north-
eastern China to Japan and the adjacent ocean in conjunc-
tion with its climatological extrema (Figs. 8a and 2a). The
latitude—pressure cross section of changes shows a dipole in
the mid—upper troposphere between 500 and 300 hPa, with
negative values between 5S0°N and the North Pole and positive
values between 40° and 50°N (Fig. 8b). This pattern is gener-
ally consistent with the climatological mean advection, indi-
cating a stronger meridional advection from the polar region
toward the midlatitudes. Albeit significant, the changes over
the tropics tend to be fragmentized. There is a dipolar pattern
of zonal-mean changes in C(Py, P;) over the high latitudes
between 600 and 400 hPa (Fig. 8f). This dipole resides on the
northern and southern sides of its climatological negative cen-
ter, suggesting a southward displacement of the conversion
extrema. Interestingly, further checking the distribution of
C(Pp, Pr) dipole changes is characterized by a contrasting re-
sponse over the two storm tracks, with decreases from north-
eastern China to Japan and increases from the northeastern
United States to the Atlantic (Fig. 8b). These conversion
anomalies serve as a compensation effect to the mean advec-
tion term (Figs. 8a,b). For the C(K,, P;) term, the changes
mainly appear in the tropical and polar regions, particularly in
the former (Figs. 8c,g). There are negative anomalies over the

eastern equatorial Pacific and the Maritime Continent extend-
ing southeastwardly (Fig. 8c), accompanied by anomalous up-
ward motion of warm air converting P, to K;. Between these
negative anomalies, positive anomalies are seen over the
western and southeastern Pacific associated with anomalous
downward motion of warm air transforming K; into P,. This
dipolar pattern of anomalies over the western and central
Pacific agrees with a strengthening and westward shift of the
Pacific Walker circulation in recent decades (Sohn and Park
2010; Takahashi and Watanabe 2016), which probably arises
from the internal climate variability (Bordbar et al. 2017,
Chung et al. 2019) such as the warming of the Atlantic
(McGregor et al. 2014) and phases of the interdecadal Pacific
oscillation (England et al. 2014). The zonal-mean long-term
changes are also characterized by a dipole within the northern
tropics with decreases and increases over the northern and
southern parts, respectively (Fig. 8g), in favor of a northward
shift of the ascending branch of the Hadley circulation. To the
north, the positive anomalies denote a strengthening of the
descending branch of the Hadley cell due to stronger conver-
sions into P, from K,. Changes in the P, generation term
exhibit a reversed dipole as compared to C(K,, P;) over the
tropics, compensating with each other (Figs. 8d,h). The in-
creases and decreases in the generation term are mainly re-
lated to the changes in latent heat release associated with the
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FIG. 8. The long-term changes in the budget of low-frequency APE budget (W m™2) in the boreal winter (December—
February) between 2007-21 and 1980-94. (a) Mean advection (shading), (b) conversion from high-frequency to low-
frequency APEs C(Pp, Pp), (c) conversion from low-frequency KE to APE C(K;, P;), and (d) generation of
low-frequency APE G(P.) in the boreal winter (December-February) during 1980-2021. (e)—(h) As in (a)~(d), but for
zonal averages over the globe. Black dots mark the grid points where the differences are at the 0.05 significance level
according to the two-sided Student’s ¢ test. The contours denote the long-term climatology during 1980-2021.

potential temperature changes. Although the contribution
from different budget balances may vary between the two pe-
riods, their offsetting effects result in minor changes in the
tendency of P, (Figs. S15a,d).

¢. High-frequency APE budget changes

Most of the Py budget term changes appear in eddy advec-
tion, C(Pr, Py), and C(Ky, Py), while relatively marginal dif-
ferences are shown in the mean advection and the generation
terms. Note that the differences in C(P,, Py) play an impor-
tant role in the Py budget changes, but not for the P; budget
changes. This is expected as C(Py, Py) is the main source of
Py (Fig. 3). The spatial distribution of integrated eddy advec-
tion changes displays a wave-like pattern with alternating pos-
itive and negative anomalies within the same latitude band
(Fig. 9b). The latitude—pressure cross section of eddy advection
changes is characterized by a meridional dipole structure in the
midtroposphere with positive anomalies over the North Pole
and negative anomalies in the midlatitudes (Fig. 9g), suggesting
a northward transport of Py by high-frequency eddies. The posi-
tive anomalies of Py over the polar regions are mainly trans-
ferred into P, (Fig. 9h), with a secondary contribution from

C(Kp, Pr) (Fig. 9i). The negative counterpart in the midlati-
tudes is mostly replenished by P, (Fig. 9h).

d. High-frequency KE budget changes

The major changes in the K;; budget come from C(Py, Ky),
the low-frequency eddy advection of high-frequency geopotential
anomaly —V’ - V8d', and the dissipation terms (Fig. 10). Positive
anomalies are present over the storm-track regions where the
strongest C(Py, Kpy) occurs, suggesting more Py converting into
Ky in the later period (Fig. 10b). To the north, negative anoma-
lies are seen, particularly over the northwestern Atlantic and
Greenland. The cross section is thus characterized by a dipolar
pattern in the mid—upper troposphere, with positive and negative
anomalies in the mid- and high latitudes, respectively (Fig. 10g).
The changes in —V’ - V8®’ exhibit a similar pattern compared to
those in C(Py, Ky) but reversed polarity, indicating their largely
compensating effects (Figs. 10c,h). Additionally, there is another
dipolar pattern of anomalies in —V’-V&®’ in the lower atmo-
sphere, with positive anomalies in the midlatitudes and negative
anomalies in the high latitudes, showing a quadrupole pattern in
the zonal-mean distribution (Fig. 10h). These anomalies are
mostly offset by the changes in the dissipation term (Fig. 10j).
The decreases in the dissipation in the atmosphere over the
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FIG. 9. The long-term changes in the budget of high-frequency APE budget (W m™?) in the boreal winter (December—
February) between 2007-21 and 1980-94. (a) Mean advection (shading), (b) eddy advection, (c) conversion from
low-frequency to high-frequency APEs C(P;, Py), (d) conversion from high-frequency KE to APE C(Ky, Py), and
(e) generation of high-frequency APE G(Py). (f)—(j) As in (a)—(e), but for zonal averages over the globe. The contours

denote the long-term climatology during 1980-2021.

tropics indicate an intensified dissipation in the later period
(2007-21). This may be related to the increases in the Ky, there
(Figs. 7c,g).

e. Low-frequency KE budget changes

The major changes in the K; budget are the mean advec-
tion, C(Pr, K} ), and the mean advection of the low-frequency
geopotential anomaly, while C(Ky, K, ), the convergence of
momentum fluxes, and dissipation play a relatively minor role
(Fig. 11). The changes in mean advection display alternating
positive and negative anomalies in the midlatitudes, particu-
larly over the Pacific (Fig. 11a). A prominent zonal dipolar
pattern of anomalies is present with increases and decreases
over the western and eastern Pacific, respectively. This pat-
tern opposes the climatological mean advection with their
centers shifted eastward, suggesting a weakening of the mean
advection. However, a reversed dipole is displayed in the geo-
potential anomaly advection changes, compensating the mean

advection impact (Fig. 11c). Over the tropics and poles,
stronger anomalies are found in the C(P;, K;) and the geo-
potential anomaly advection term, offsetting with each other
(Figs. 11b,c,h,i). These counteracting effects, among differ-
ent terms, result in small changes in the local tendency
(Figs. S16a,b).

5. Summary and discussion

In this study, the boreal winter climatology and long-term
changes in various energetic forms and their associated bud-
get terms in the Northern Hemisphere are presented using
ERAS reanalysis data in the context of a local energetic
framework (Novak and Tailleux 2018). The main advantage
of this local energetic framework is to provide the local infor-
mation of APE and its interactions with KE as compared to
the classic Lorenz energy cycle. A further decomposition of
various energetic forms into low- and high-frequency compo-
nents enables us to further understand the spatial variations
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FIG. 10. The long-term changes in the budget of high-frequency KE budget (W m™2) in the boreal winter (December—
February) between 2007-21 and 1980-94. (a) Mean advection (shading), (b) conversion from high-frequency APE to KE
C(Py, Kp), (c) low-frequency eddy advection of high-frequency geopotential anomaly with respect to reference state
—V’-V&®’, (d) conversion from low-frequency to high-frequency KEs C(K;, Ky;), and () dissipation of high-frequency
KE D(Kp). (f)-(j) As in (a)—(e), but for zonal averages over the globe. The contours denote the long-term climatology

during 1980-2021.

of the conversions between APE and KE in contrast to the
traditional zonal-mean and eddy partitioning.

The extrema of low-frequency APE are mainly located
over the poles and the tropics in the midtroposphere, where
the largest departure relative to the reference state pressure
occurs. The high-frequency APE is mostly concentrated in
the midlatitudes peaking downstream and to the south of the
low-frequency APE centers in agreement with strong eddy
activity there. Two maxima are shown vertically at 500 and
200 hPa. The centers of low-frequency KE are located over
the Pacific and the Atlantic at 300 hPa, while those of high-
frequency KE are situated to the northeast, corresponding to
the locations of the jet streams and storm tracks, respectively.
The well-collocated locations of APE, KE, and their conver-
sions may further support the rationale of this local view of at-
mospheric energetics. For example, Py, Ky, and C(Py, Ky)
all have a peak of around 400 hPa in the midlatitudes of the
Northern Hemisphere. By contrast, this feature is not apparent

from the zonal-mean distribution of classic Lorenz energy cycle
(e.g., Li et al. 2007), which assumes that the globally integrated
energetics can also be interpreted in a local sense.
Low-frequency APE is mainly generated over the tropics and
the poles and consumed in the midlatitudes being converted
into eddy APE, which is subsequently transformed into high-
frequency KE. Both conversions are baroclinic processes, and
while the former is mainly related to diabatic heating anomalies
at 500 hPa associated with the thermally direct circulation, the
latter is mostly guided by horizontal heat transport by transient
eddies at 300 hPa. Globally, part of the high-frequency KE is
converted into low-frequency KE, involving barotropic pro-
cesses, and the remainder is dissipated due to friction within
the planetary boundary layer. This energy pathway of low-
frequency APE — high-frequency APE — high-frequency KE —
low-frequency KE overall is consistent with the classic LEC four-
box model (e.g., Ma et al. 2021). However, our local frame-
work provides a much clearer picture of the compensation
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FIG. 11. The long-term changes in the budget of low-frequency KE budget (W m™2) in the boreal winter
(December-February) between 2007-21 and 1980-94. (a) Mean advection, (b) conversion from low-frequency APE
to KE C(P;, K;), (c) mean advection of low-frequency geopotential anomaly with respect to reference state
—V - V&®, (d) conversion from high-frequency to low-frequency KEs C(Ky;, K1), (€) convergence of the mean flux of

westerly momentum in meridional direction

effects at regional scales among the different terms. For in-
stance, the conversion from high-frequency APE to KE is
largely offset by the eddy advection term of total APE. The
conversion from high-frequency APE to KE is mainly counter-
acted by low-frequency eddy advection of high-frequency geo-
potential anomaly —V’-V8®’. Another notable difference
between this local framework and the classic LEC is the con-
version term from low-frequency APE to KE. This term
mainly reflects the overturning of the thermally direct circula-
tion in the former but displays a comparatively minor magni-
tude and inconclusive sign in the latter, in which the Ferrel cell
dominates. Moreover, we found that the globally integrated

—~V-(V,V'V},), and (f) dissipation of low-frequency KE D(K;).
(g)—(1) Asin (a)—(f), but for zonal averages over the globe.

mean advection of low-frequency APE is not zero, particu-
larly over Greenland and Antarctica associated with complex
terrain, which is mainly because the mass and energy are not
conserved in ERAS reanalysis due to data assimilation. This
means that the globally integrated budget assessed using re-
analysis may not be reliable, a limitation that applies to the
classic LEC but that has remained unnoticed so far due to
the hidden nature of advection in the global APE framework.
While such errors also affect the local framework, the re-
gional changes can still be separated from the erroneous re-
gions. It indirectly underscores the importance of examining
the energetics from a local perspective.
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The long-term changes in the low-frequency APE are char-
acterized by a dipole at 400 hPa in the Northern Hemisphere,
with decreases over the pole and increases over Siberia. This
dipole shifts southwestward over the northern Pacific in the
high-frequency APE changes at 500 hPa and in the high-
frequency KE trend at 300 hPa, where their climatological ex-
trema peak. These increases are well collocated with their
centers, while decreases are to the north of the centers, sug-
gesting a strengthening and narrowing of the synoptic eddy
activities. This is in stark contrast with Franzke and Harnik
(2023), which show an overall weakening of eddy fluxes dur-
ing 1958-2018 based on the JRA-55 reanalysis. The discrepan-
cies of long-term changes may be caused by the different
analyzed periods. Kanno et al. (2016) revealed that the Sibe-
ria cooling is much stronger in the later period after 1979 than
that starting from 1958. Another possible reason could be re-
lated to the circulation uncertainty in different reanalysis
products due to a lack of observation in data assimilation, par-
ticularly over the ocean (Chemke and Polvani 2020). How-
ever, ERAS reanalysis has been found to be the closest to
observations in wind performance among different reanalysis
products (Fan et al. 2021; Gualtieri 2022). For the low-
frequency KE, there is an anomalous tripolar pattern of trend,
with increases in the northern flank of the jet and decreases in
the southern flank and to the north of the jet over the Pacific.
This means a northward displacement and narrowing of the
Pacific jet stream under global warming.

Further analysis of changes in the energetic budget between
the periods of 2007-21 and 1980-94 helps to quantify the con-
tribution of different terms in generating the long-term
changes in the energetic forms. The zonal-mean changes in
C(Pr,Py) show a dipolar pattern, with negative anomalies in
polar regions and positive anomalies in the midlatitudes
(Fig. S17e), resembling those of P, changes. This is likely con-
nected to the stationary wave structure changing and shifting
P, tongues, where the cold air outbreaks associated with con-
version to eddies give rise to storm tracks, equatorward over
the continents. Interestingly, inspection of spatial distribution
of changes in the midlatitudes displays a contrasting differ-
ence between the Pacific and the Atlantic (Fig. S17a). The
former is characterized by an intensified conversion from Py,
to Py over the northwestern Pacific, while the latter shows a
weakening over the northwestern Atlantic. In the down-
stream regions, these anomalies subsequently result in more
conversions to K;; over the Pacific and less over the Atlantic
(Fig. S17b). Both C(P., Py) and C(Py, Kp) are associated
with baroclinic processes, suggesting a stronger and weaker
baroclinicity over the Pacific and the Atlantic, respectively, con-
sistent with Wang et al. (2017). Further to the east, C(Ky, K )
is enhanced over the central Pacific and weakened over the
Atlantic (Fig. S17c), associated with barotropic processes.
These strengthening and weakening conversion processes over
the Pacific and the Atlantic indicate an accelerated energy cycle
in the former and a suppressed energy cycle in the latter. The
changes in C(P,, K;) are mainly featured with significant
differences in the deep tropical regions, characterized by pos-
itive values over the eastern equatorial Pacific and the Mari-
time Continent and negative anomalies in-between over the
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western—central Pacific (Fig. S17d). This anomaly pattern coin-
cides with a strengthening and westward shift of the Walker
circulation likely arising from the internal climate variability
(Chung et al. 2019).

Furthermore, the low-frequency APE changes in the boreal
midlatitudes over East Asia are predominantly driven by an
enhanced mean advection and are subsequently consumed by
conversion into high-frequency APE. As a result, the high-
frequency APE increases in the downstream areas. However,
this intensification is mainly compensated by eddy advection
rather than conversion into high-frequency kinetic energy, de-
picting a more complete picture than the classic paradigm.
Changes in the high-frequency KE are mainly induced by con-
version from the high-frequency APE, but their consumption
is mostly through eddy advection of geopotential anomalies
with relatively small transformation into low-frequency KE.
The budget term of low-frequency KE shows no clear signals
contributing to its long-term changes, which may partially ex-
plain the opposite trends of jet stream changes in previous
studies (Wang et al. 2017; Franzke and Harnik 2023).

In summary, this work provides a first systematic attempt to
depict the climatology and long-term changes in a local ener-
getic framework developed by Novak and Tailleux (2018).
The physical understanding of this local framework is consis-
tent with the classic Lorenz energy cycle and more impor-
tantly provides insights about the interactions between APE
and KE on different spatiotemporal scales. Moreover, the
budget for various energetic forms is balanced quite well,
both globally and locally. We acknowledge that only one da-
taset (i.e., ERAS) is used in this study. The robustness of the
findings needs to be verified using other reanalysis products.
Further applications of this framework in the context of
teleconnection patterns (Kosaka et al. 2009), storm tracks
(Mbengue and Schneider 2017), extratropical cyclone activi-
ties (Gertler and O’Gorman 2019), and monsoons (Hu et al.
2022) will be studied in the future. It is also interesting to evalu-
ate the model performance on this local energetics and project
their future changes under different socioeconomic scenarios. A
moist version which explicitly considers the moisture effect can
also be explored by using equivalent potential temperature or
virtual temperature (Lembo et al. 2019; Harris et al. 2022).
While using only virtual temperature to account for moist pro-
cesses is potentially a limitation, this framework might still pro-
duce an effectively closed budget enabling physical insights into
moist energetics.
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