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Inclusion of condensation heating into the atmospheric energy
cycle based on the transformed Eulerian mean

A formulation is proposed to analyze the atmospheric energetics. To see the effect
of eddy forcing due to the condensation heating, we reformulate the original atmos-
pheric energy cycle based on the transformed Eulerian mean and make numerical ex-
periments with original and improved equations for the Northern mid-latitudes in the
winter and summer. Inclusion of condensation heating changes the values of terms
containing the components of the residual meridional circulation and the effective
momentum flux. It is shown that the energy cycle based on the improved equations, in
comparison with the original ones, possesses the larger balance ability, which is con-
cerned with more reliable values of the energy fluxes.

1. Introduction

The attention, which was focused during the development of atmospheric physics
on the investigation of energetics for the atmospheric processes, can be explained that
the energetics allows to consider the dynamical processes taking place in the atmos-
pheric systems with different scales in all variety. Almost single conceptual assump-
tion, both fully realistic and experimentally and/or theoretically proven, is the pres-
ence of conversion between different energies. This process leads to the energy «re-
plenishment» of atmospheric processes with some scale by the other ones. Thus the
problem lies in the most precise definition, from the physical view, of mentioned
conversions.

Lorenz [1] offered the zonal mean and eddy kinetic and available potential ener-
gies (hereafter K denotes a kinetic energy, P denotes an available potential energy,
subscript Z denotes a zonal mean component, and subscript £ denotes an eddy compo-
nent) as the main components for the atmospheric energy cycle. Also, he showed the
physical interpretation for the conversion of some kind of energy to the other one.
During the ensuing years other reformulations were offered [2-6] but the concepts of
mentioned energies were not changed.

With a focus on the zonally symmetric structure of the global atmosphere, Lorenz
[1] divided each of available potential energy and kinetic energy into its zonal mean
and eddy components based on the conventional Eulerian mean meridional circula-
tion. The Eulerian mean view defines zonal means as those on isobaric surfaces and
eddies as departures from the zonal means. However it has been recognized that this
approach faces some difficulties. For example, the Eulerian mean view cannot express
the non-acceleration theorem of steady wave propagation.
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To cope with these difficulties, Andrews and Mclntyre [7] proposed the trans-
formed Eulerian mean (hereafter TEM) approach, which adds the Stokes correction to
the conventional Eulerian mean circulation. Plumb [2] and Kanzawa [3] formulated
the energetics based on the TEM. They showed that the zonal mean available potential
energy does not exchange with the eddy potential energy in the TEM energetics.

Though the energy cycle based on the TEM had advantages in comparison with
the conventional formulation offered by Lorenz, it is not free of shortcoming. In the
presence of mean heating, the eddies not only force the mean circulation and modify
both the zonal flow and the mean temperature but also alter the mean heating, which
forces, in turn, the mean circulation [8]. Furthermore, the eddies modify the mean
heating due to the condensation owing to doth the eddy flux of moisture and the Elias-
sen-Palm flux divergence [9].

In this paper, we solve partially the problem of mean heating by introducing the
condensation heating into the budget equations of energies.

The structure of this short paper is follows. First we rewrite original formulation
of the TEM energy cycle offered by Plumb [2]. Then we include the condensation
heating into this energy cycle. Further, we make numerical experiments for the North-
ern mid-latitudes. Finally we present main conclusions about proposed improvement.

2. The TEM energy cycle

For simplicity, we take the pressure (p) as a vertical coordinate and a Cartesian
coordinate in the horizontal, which has a cyclic lateral boundary with a length of Lx in
the zonal direction and rigid wall conditions of v =0 at y = 0 and Ly in the meridional
direction. Such lateral boundary conditions make it possible to translate implications
on wave-mean-flow interactions into those in spherical coordinate. In this case, zonal
means are defined as function of (y, p)

- 1
A=—|A(y,
fo >, p) 2.1)
and eddies are defined as departures from the zonal means

L=d-1. 2.2)
The TEM energy cycle is based on two concepts: a) a residual meridional circula-
tion (V. , @.), where
_ _ 9 T
Ve =V+— £sz v
dp\ R
. 05 |- 2.3
a)*:w—gbz—Tv @3)
R “ oy

and b) an effective momentum flux B, which is the negative of the Eliassen-Palm flux
and has a form
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In Egs. (2.3) and (2.4) u and v are the zonal and meridional winds, ® = dp/dt is the
«vertical velocity», T is the air temperature, R is the gas constant, f is the Coriolis

parameter, and
R(_ T ofY)
P e ) -

where the tilde over T denotes the averaging on latitudinal belts and « is the ratio of
specific heat (= 0.29).

The budget equations of the TEM energy cycle (Plumb, 1983) can be written as
follows

a% = C(KK,) +C(PK)+FK)+SK), (2.6)
oF,
e C(PP,)-C(PK)+FP)+SP,), @.7)
K,
5 = KK+ C(PK) + FK) + SK,), (2.8)
or,
o, SCPP) -~ CPK,) + F(P) + S(P,), 2.9)

where

CKK)=i aB"’+aB" C(P,P)=0,C(PK,) Rie C(PK) R
—ul —— , ) =0, )= ., K)=——Two,
(KA dy dp A " P p

0 Jd —_
F(K) = _5(0 Vi — $¢w* ,F(P)=0, F(P)
_19 bzp[ﬁa_T”»—w» of _xT }
K dp dy g p ’
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In the last relations ¢ is the geopotential, (L , Ly) are the components of frictional
force per unit mass, and Q is the diabatic heating rate; C, F, and S denote the terms of
conversion, flux, and sink/source, respectively. We not give relations for the energies
and sink/source terms since they are well-known.

3. Including the condensation heating into the TEM energy cycle

Stone and Salustri [9] defined a more general form of the quasi-geostrophic Elias-
sen-Palm flux. This form allows to restate the Eliassen-Palm and non-acceleration
theorems in ways that explicitly recognize the effect of eddy forcing on condensation
heating. Such generalization preserves the form of the relationship between the sta-
tionary wave energy flux and Eliassen-Palm flux.

Their calculations of the modified flux divergence showed that the eddy forcing is
much stronger than was indicated by calculations using the original form of the flux.
They also found that condensation effects lead to stronger eddy forcing in summer
than in winter. The changes in the flux divergence are due to the enhancement of eddy
heat flux component of the Eliassen-Palm flux. In an overall sense this component is
much more important than the eddy momentum flux component in forcing the zonal
wind and temperature fields [9].

Nevertheless one must keep in mind that modified form of Eliassen-Palm flux still
omits other implicit effects of eddy forcing; in particular, the effect on the frictional
forces in mid-latitudes near surface may also be important.

By using the formulations of Stone and Salustri [9], we write following form for
the components of residual meridional circulation and effective momentum flux

V. =\7+%(§bzv' (T'—i—q'L/cp) )

o, . . 3.1)
w*Za)—%bzgv (T +q L/cp) (

— S o
u'v +%b2v (T +gq L/cp) >

1
B, u'_a)'+%b2v' (T'+q'L/cp) (f——] ‘ (3.2)

dy

In Egs. (3.1)-(3.2) g is the specific humidity, L is the latent heat of vaporization,
and c, is the specific heat at constant pressure.
Thus the formulations both for the budget equation in the TEM energy cycle and
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for the energies is not modified but the physical meaning for some terms in these
equations is changed.

4. Main results and conclusions

In this section we give the results of numerical experiments with the atmospheric
energy cycle for the mid-latitudes of Northern Hemisphere. The NCEP-NCAR reanal-
ysis [10] is used as the data for the estimations of budget terms. Calculations are
carried out for the latitudinal belts 40-65°N. As the seasonal variability for the energy
contents is significant [11, 12], we make separately experiments both for the winter
and for the summer. It can be noted that the integration of energy contents over the
whole atmosphere at latitudinal belt gives a typical value of 10° for K, K, and P, 10’
for P, and a dimensionality J m™. Analogous procedure applied for the terms of ener-
gy budget gives a dimensionality W m=.

Table 1 describes the energy budget and Figure 1 shows the energy cycles calcu-
lated by using the original and improved TEM-based equations for January 2002 and
July 2002.

In the January mid-latitudes the processes of energy conversion result in the in-
crease of kinetic energy (eddy part especially) and decrease of available potential en-
ergy. To the contrary, in the warm month the latter increases and kinetic energy de-
creases.

Since we calculate the energy budget for the geographical region with open lateral
boundaries, the total budget of energy is not equal to the zero. At the same time, the
budget calculated with improved TEM-based equations possesses the larger balance
ability (see Table 1). As this disbalance is defined by the flux terms, for the energy
cycle based on the improved TEM-equations these terms seem to be more reliable.

Thus, from our point of view, the inclusion of condensation heating into the at-
mospheric energy cycle based on the transformed Eulerian mean eliminates to some
extent ambiguities originating during calculations by using the concept of quasi-geos-
trophic Eliassen-Palm flux.

Table 1

The energy budget calculated with the original and improved equations for the Northern
mid-latitudes in January 2002 and July 2002; values are in units W m’

| opjor | okjar | okjJor | 9pjar [  total
January 2002
original -1.39 2.95 5.85 -0.93 6.48
improved -6.12 0.69 9.26 -0.93 2.90
July 2002
original 11.04 -6.28 -1.54 0.36 3.58
improved 6.56 -3.11 -1.23 0.36 2.58

Acknowledgement. Author is greatly indebted to Prof. A.V.Glushkov for invalu-
able critical comments and useful advice.
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Fig. 1. The energy cycle for the Northern mid-latitudes in January 2002 (left) and
July 2002 (right). The bold-italic type indicates the values calculated with
improved TEM-based equations. Single arrows are the conversion terms; dashed
arrows are the flux terms, and double arrows are the sink/source terms. Values
for the energies are in 10° J m? and values for the budget terms are in W m?.
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B. M. Xoxnoe

3any4enns Tenyia KonaeHcauii y armocepHuii HuKI eHeprii,
1[0 TPYHTY€EThCs Ha TpancdopmoBanux EiinepeBux cepennix

AHOTALS

ITponoHyeThest HOBe (HOPMYITIOBAHHS TSl aHATI3Y aTMOCGHEPHOT EHEPreTUKH.
Jns Toro, 1mo06 BUCBITIUTHU eeKT 3MYIICHHS BUXOPIB BHACIIIIOK peai3alii Ter-
J1a KOHJeHcallil, Mou]iKyeThCs OpUTiHAIbHA CXeMa UKy eHeprii B atMocdepi,
IO I'PYHTYETHCs Ha TpaHchopMmoBaHuxX EilepeBHX cepemHiX Ta 3MifCHIOIOTHCS
YHCETbHI eKCIIEPUMEHTH 32 TOMIOMOT'0I0 OPUTIHATIBHOI T4 YAOCKOHAIECHOIO CXeM
JUTSI TOMIPHUX INAPOT MIBHIYHOT MIBKYJIi B3UMKY Ta BIITKY. 3aJy4eHHs Terjia KOH-
JeHcallii 3MiHIOE BETMYMHH CKJIAJ0BUX, IO MICTATh KOMIIOHEHTH 3aJIMIIKOBOI
MEpPHII0HATBLHOT IUPKYJIALIL Ta MOTIiK eeKTUBHOI KiTbKOCTI pyxy. [Toka3aHo, mo
LMKJI €HePTil, SKUi IPYHTYETHCS HA YIOCKOHAJICHUX PIBHSIHHSX, IIOPIBHSHO 3 OpH-
riHaJbHUM, BUKa3ye OUIbITy OaIaHCHICTD, SIKa € HACTIAKOM OUIBII TOCTOBIPHHUX
3HAYCHb [TOTOKIB EHEPril.

175



B. H. Xoxnoe

BBenenne Tensia KoHaeHcaMu B aTMOC()epPHbII LUKJI IHEPrUu,
OCHOBaHHBII HA TpaHCGHOPMUPOBAHHBIX Jii/IePOBBIX CpeTHHX

AHHOTALIUA

[Mpemnaraercs HoBast GOPMYIUPOBKA JUIsSl aHAIM3a aTMOC(HEPHON IHEpreTH-
ku. J{s1s TOro, 4To6BI MOKa3aTh 3PEKT BHIHYKIACHUS BUXPEH BCICICTBHUE pean-
3aIU¥ TeIUTa KOHAESH AN, MOAUDHUIINPYETCSI OPUTMHANIbHAS CXeMa IIUKJIa JHEP-
UM B aTMoc(epe, OCHOBaHHAS HAa TPAHCHOPMHUPOBAHHBIX DUIIEPOBBIX CPEAHIX U
OCYIIECTBIISIOTCS YMCIEHHBIE YKCIIEPUMEHTHI C IIOMOIIBI0 OPUTHHAIBHOM U yCO-
BEPIIIEHCTBOBAHHOM CXEM IS yMEPEHHBIX IIUPOT CEBEPHOTO MOIYIIAPHS 3UMOM
u JeToM. BBemeHne Termra KOHIEHCAIIMU W3MEHSIET BEIMUMHBI COCTABIISIONINX,
KOTOPBIE COAEePKAT KOMIOHEHTHI OCTATOYHOW MEPUANOHAIBHON IUPKYIISIUN U
MOTOK 3 PEeKTUBHOTO KonnyecTBa ABIKeHus. [loka3aHo, YTO UKII YJHEPTHH, OC-
HOBAaHHBIN Ha yCOBEPIIEHCTBOBAHHBIX YPABHEHUSIX, IO CPABHEHHIO C OPUTUHAIIb-
HBIM, BBIKA3bIBAET OOJBIIYIO OATAHCHOCTD, KOTOPAs SBISIETCS Pe3yabTaToM 00-
Jiee JOCTOBEPHBIX 3HAUCHHUI TOTOKOB YHEPTUN
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