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Abstract

Using the concept of gross statbic stability, the intensity of the
atmospheric energy cycle is expressed as a function of the vertical
distribution of diabatic heating. Numerical evaluation of the
expression is made with the aid of semi-empirical data.

1. Introduction

Conversion of available potential energy into kinetic energy requires
in the atmosphere an average upward heat transport across isobaric
surfaces with the associated effect of cooling of the lower layers due to
the flux divergence and heating of the upper layers due to the flux
convergence. In the long run this stabilizing effect of the energy conver-
sion must be counterbalanced by heating of the lower layers and cooling
of the upper layers through diabatic processes. This fact has been rea-
lized by several authors (e.g. LorENz, [2]; ParminN, [4]), but so far the
relationship between the atmospheric energy cycle and the vertical
distribution of diabatic heating has not been analyzed. The purpose of
this note is to derive such a relationship and also to evaluate it quant-
itatively with the data available.
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2. The energy cycle and the vertical distribution of diabatic heating in the
atmosphere

One method of relating the vertical distribution of diabatic heating
with the atmospheric energy cycle is to use the concept of gross static sta-
bility. With a slight modification of the definition given by Lorunz [2],
the gross static stability is here defined as the deficit of the total potential
energy (internal energy -+ potential energy) below the total potential
energy which the atmosphere would have if it, through adiabatic re-
distribution of mass, would become isentropic. For the sake of simplicity,
we neglect the variations of surface pressure and assume it to be every-
where 1000 mb. The expression for the gross static stability is then
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where G denotes the gross static stability, m mass, 7' temperature;
P pressure (p, = 1000 mb), ¢, the specific heat of air at constant

=

pressurve, x = Rfc, (B is the gas constant), 6 = T(%) and M the

whole mass of the atmosphere. The circumflex (7) denotes a horizontal
area average around the whole earth along an isobaric surface.

An expression for the rate of change of the gross static stability can
be obtained from the thermodynamic energy equation:
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where ¢ is time, « the specific volume, w = dp/dt and @ denotes the
rate of diabatic heating per unit mass. Equation (2) may also be written
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Multiplying (3) by (1 + %)%, subtracting (2) from (3) and integrating
over the mass M one obtains
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The first term on the right-hand side of (4) is the well-known integral
representing the transformation of available potential energy into
kinetic energy and thus measuring the intensity of the atmospheric
energy cycle. The second term on the right-hand side represents the
effect of vertical distribution of diabatic heating on the gross static
stability. Because the conversion process tends to increase the gross

static stability (— / ow dm > 0) , this second term must on the average

M
be negative and of the same magnitude as the first term. Thus, a measure

for the intensity of the atmospheric energy cycle, which we denote by

W, is given by
W= — /[(1 + %)‘1@)9)2— 1] Qdm, (8)
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where a bar is used to denote an average over a long period of time.
For quantitative evaluation of this term we first notice that the
diabatic heating @ can be written as
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where Qg, @c and @ denote, respectively, the heating due to radiation,
condensation processes and the turbulent transfer of sensible heat and
8 stands for the heating due to dissipation. Furthermore, for the total
energy of the atmosphere not to change, we must have

f(éﬂ+:L+§T)dm:0- (6)
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With this requirement, the contribution to the expression (5) by the
net diabatic heating / Qdm(: / 0 clm) is found to be negligibly small
o /

M
due to the smallness of the vertical average of the weighting factor

(1 - %) (%) — 1. On the other hand, at each level in the atmosphere

& is two or three orders of magnitude smaller than the »externaly heating
(Qr + Q¢ -+ @r). Accordingly we can write to a good approximation

W— — /[(1 + )1 (%’)i— 1} @r + Qc + @) dm (7)
M .
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Because the weighting factor (1 -+ )2 (%) — 1 is negative in high

pressures and positive at lower pressures it follows from (6) and (7) that

@r + Q¢ + éT) must be predominantly positive in low troposphere
and negative higher up.

In TFig. 1 the vertical profile of @y for the annual mean conditions
over the Northern Hemisphere is shown as obtained from the data given
by Lonpon [1]. There are no data available on the vertical distribution
of Q¢ and Q,. Qualitatively, the main part of the release of latent
heat due to condensation takes place below 500 mb level. It is also likely
that the turbulent transfer of sensible heat primarily heats the lower
troposphere. These facts have been taken into account in constructing
the hypothetical vertical profile of the combined effect of @, and @
in Fig. 1: Q:C + @T is assumed to be constant from the surface up to
500 mb and from there on to decrease linearly to zero at 100 mb level
in such a way that (6) is fulfilled. Accordingly, about thirty per cent
of the total heating due to condensation and turbulence is assumed to
occur above 500 mb level. The resulting curve for the net diabatic effect
éR + ch + (jT shows heating below 800 mb and cooling between 800 mb
and 100 mb levels. Above 100 mb level thermal equilibrium has been
assumed.
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Fig. 1. The vertical distribution of the diabatic heating used in evaluation of W
(see Eq. (7). 1jcp @r is taken from Loxpow [1].
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With the (Qr + Q¢ + @r)-profile from Fig. 1 the value of the ex-
pression (7) for the Northern Hemisphere was evaluated to be 50 x 1010
kj sec™ or 2 watts m—2. This is the same order of magnitude as obtained
in other independent ways for the annual mean intensity of the atmos-
pheric energy cycle (for review, see e.g. Oort, [3]). Much emphasis cannot
be put on the numerical value obtained due to the hypothetical nature
of the (Q¢ -+ @Qp)-profile adopted and because the expression (7) for
W is rather sensitive to small variation of the heating profile. The main
purpose of the numerical example is just to illustrate the new concept.
The point to be emphasized is that whenever the vertical variation of
diabatic heating is studied on a global or hemispheric scale, the result
must be consistent with the energy transformations in the atmosphere.
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