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ABSTRACT

On many planets there is a continuous heat supply to the surface and a continuous emission of infrared radiation
to space by the atmosphere. Since the heat source is located at higher pressure than the heat sink, the system is
capable of doing mechanical work. Atmospheric convection is a natural heat engine that might operate in this
system. Based on the heat engine framework, a simple theory is presented for atmospheric convection that
predicts the buoyancy, the vertical velocity, and the fractional area covered by either dry or moist convection in
a state of statistical equilibrium. During one cycle of the convective heat engine, heat is taken from the surface
layer (the hot source) and a portion of it is rejected to the free troposphere (the cold sink) from where it is
radiated to space. The balance is transformed into mechanical work. The mechanical work is expended in the
maintenance of the convective motions against mechanical dissipation. Ultimately, the energy dissipated by
mechanical friction is transformed into heat. Then, a fraction of the dissipated energy is radiated to space while
the remaining portion is recycled by the convecting air parcels. Increases in the fraction of energy dissipated at
warmer temperatures, at the expense of decreases in the fraction of energy dissipated at colder temperatures,
lead to increases in the apparent efficiency of the convective heat engine. The volume integral of the work
produced by the convective heat engine gives a measure of the statistical equilibrium amount of convective
available potential energy (CAPE) that must be present in the planet’s atmosphere so that the convective motions
can be maintained against viscous dissipation. This integral is a fundamental global number qualifying the state
of the planet in statistical equilibrium conditions. For the earth’s present climate, the heat engine framework
predicts a CAPE value of the order of 1000 J kg ™' for the tropical atmosphere. This value is in agreement with
observations. It also follows from our results that the total amount of CAPE present in a convecting atmosphere
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should increase with increases in the global surface temperature (or the atmosphere’s opacity to infrared ra-

diation).

1. Introduction

Many types of convection are observed in the earth’s
atmosphere. They range from boundary layer convec-
tion, which might be topped by shallow non-precipi-
tating cumulus, to deep convective systems that pro-
duce intense precipitation. The non-precipitating con-
vection determines, in part, the structure and depth of
the boundary layer in regions of undisturbed weather.
It has a significant effect on the planet’s heat budget.
The deep convection, occurring in convectively dis-
turbed regions, determines the structure and depth of
the free troposphere. It has a crucial influence on the
large-scale fields of heat, moisture, mass, momentum,
and radiation.
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In numerical modeling of planetary atmospheres, it
is always necessary to compute (from given averaged
fields) the transports due to subgrid-scale phenomena.
This is done by using physical models that relate the
subgrid-scale processes to the averaged fields. In clas-
sical turbulence theories, as well as in some models of
atmospheric convection, it has often been assumed that
the transports are related to the local gradient of the
grid-scale fields. This is generally not true in convec-
tive atmospheres where convective plumes can extend
through the entire depth of the atmosphere and are not
controlled by local gradients at any one level (Betts
1974). In this paper, convection is assumed to be con-
trolled by large-scale entropy gradients and atmo-
spheric convection is studied from a global perspective.

A global theory for convection has eluded atmo-
spheric scientists. It is generally agreed that convection
tends to adjust the atmosphere toward an adiabatic
state. However, the nature of the mean state of the ad-
justed atmosphere is controversial. Currently, in nu-
merical models of the earth’s atmosphere, it is assumed
that dry convection adjusts superadiabatic temperature
lapse rates to dry adiabatic ones. In general, those mod-
els also assume that moist convection adjusts moist un-
stable temperature lapse rates to moist neutral ones.
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Little consideration is given to the physical process by
which convection adjusts unstable atmospheres. In this
study, we look at planetary convection from a large-
scale perspective, that is, in statistical equilibrium. We
focus on the thermodynamical process by which con-
vection adjusts unstable atmospheres by describing at-
mospheric convection as a natural heat engine. Our ob-
jective is to present a framework useful for the basic
conceptual understanding of the equilibrium state of
convecting atmospheres.

On many planets there is a continuous heat supply
to the surface and a continuous emission of heat to
space by the colder troposphere. Since in this case the
heat source is located at higher pressure than the heat
sink, the system is capable of doing mechanical work.
Sverdrup (1917), Brunt (1926), Lettau (1954), Oort
(1964), and Lorenz (1967) used the heat engine con-
cept to explain the earth’s general circulation. They
showed that the efficiency of the general circulation
heat engine is of the order of one percent. Lorenz ar-
gued that the accurate determination and explanation
of this efficiency constitutes the fundamental observa-
tional and theoretical problem of atmospheric energet-
ics. Shuleikin (1953) used the heat engine framework
to explain the monsoon circulations. Riehl (1950),
Kleinschmidt (1951), and Emanuel (1986) in a classic
paper, used the heat engine framework to explain the
maintenance of the steady circulation of hurricanes.
They pointed out that the energy source of hurricanes
is in the isothermal expansion of the near-surface air
moving inward into the storm center. In this study, we
formulate atmospheric convection as a simple heat en-
gine operating in planetary atmospheres. We show that,
in statistical equilibrium conditions, substantial con-
vective available potential energy (CAPE ~ 1000
J kg ') is necessary to maintain the earth’s convective
circulations against mechanical dissipation.

If an air parcel is not in thermodynamical equilib-
rium with its surroundings, it will either expand or con-
tract. Work will be performed against the environment.
To first order, except for mechanical dissipation, this
work of expansion is the only kind of work that must
be considered in atmospheric systems. In convecting
regions, the expanding hot air does work against the
environment when heat is taken from the hot surface
during its high temperature expansion near the surface.
Further work is done at the expense of the thermal en-
ergy of the updraft air during its moist adiabatic ex-
pansion. Then, energy is expended in compressing the
mixture of cooled air and condensate, while a smaller
amount of heat is rejected to the environment. The net
result of this convective cycle is that heat is taken from
the surface layer (the hot source) and a portion of it is
rejected to the free troposphere (the cold sink) while
the balance is transformed into mechanical work. This
mechanical work is expended in the maintenance of the
convective motions against mechanical dissipation. Ul-
timately, the energy dissipated by mechanical friction
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is transformed into heat. Then, a fraction of the dissi-
pated energy is radiated to space while the remaining
portion is recycled by the convecting air parcels.

On the large-scale, or in statistical equilibrium con-
ditions, the convective motions are just strong enough
so that the net work done by the convective heat engine
is used exclusively to overcome the mechanical dissi-
pation of energy. On the convective scale, the energy
available for atmospheric convection is proportional to
the local value of the convective available potential en-
ergy (CAPE). Arakawa and Schubert (1974) showed
evidences that, on the large-scale, an ensemble of at-
mospheric convection might be considered to be in sta-
tistical equilibrium with the large-scale forcing. In sta-
tistical equilibrium conditions, there is a near equality
between the rate of production of CAPE by the large-
scale processes and its consumption by the ensemble
of convective systems. The amount of CAPE present
in a convecting atmosphere, in statistical equilibrium
conditions, is a measure of the amount of mechanical
dissipation of energy present in the convecting atmo-
sphere. Thus, the volume integral of the work produced
by the convective heat engine gives a measure of the
statistical equilibrium amount of CAPE that must be
present in a planet’s atmosphere so that the convective
circulations can be maintained against dissipation.

2. Boundary layer convection as a heat engine

A heat engine is defined as any device that trans-
forms heat into mechanical work. Therefore, atmo-
spheric convection is a natural heat engine. In this study
we assume that natural convection is a simple Carnot
Engine. In a Carnot Engine the maximum thermal ef-
ficiency of a heat engine is attained. For a real heat
engine to approach the Carnot efficiency, the thermo-
dynamic process must be thermally and mechanically
reversible, which does not occur in natural convection.
However, since unstable systems drift toward local
states of maximum efficiency (Glansdorff and Prigo-
gine 1971), nature probably strives toward the Carnot
efficiency.

In a simple Carnot cycle, the work done by the adi-
abatic expansion is thermodynamically constrained to
be canceled by the adiabatic compression (since the
work done by external forces, reversibly and adiabati-
cally on a system, is independent of the path). Thus,
in a Camot cycle, both the adiabatic expansion and the
adiabatic compression have to be either dry or moist
adiabatic. Therefore, a Carnot cycle should not be used
in the idealization of a cycle in which the ascent is
moist adiabatic and the descent is dry adiabatic.

Observations show that in non-precipitating bound-
ary layer convection, below the cloud base, the updrafts
and downdrafts are approximately adiabatic (Fig. 1).
Above cloud base, the updrafts and downdrafts might
also be considered adiabatic, since most of the mixing
in shallow clouds occurs at the cloud’s top (Squires
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FIG. 1. Sketch of the heat engine circulation superimposed on the observations of the thermodynamic properties of the updraft and downdraft
air of convective systems. The axes of the main drafts are represented by heavy arrows. The top figure (after Rennd and Williams 1995) is
a sketch for a boundary layer convective system. The observations in the updraft are represented by dots, and the observations in the downdraft
are represented by crosses. The temperatures well above 318 K are spurious surface temperatures obtained when the sensor gets in contact
with the ground after the RPV’s landing. The bottom figure (after Newton 1966) is a sketch for a deep convective system. Hatching indicates
the high entropy updraft air (wet-bulb potential temperature in excess of 22°C), and cross-hatching indicates the low entropy downdraft air

(wet-bulb potential temperature less than 18°C).

1958; Paluch 1979). Here, we assume that the me-
chanical dissipation of energy occurs only near the sur-
face and at the top of the convecting layer where the
small-scale eddies are more intense. Since the updrafts
and downdrafts are approximately adiabatic and the ab-
sorption and rejection of heat are approximately iso-
thermal, the simple Carnot cycle might be a good ap-
proximation for non-precipitating boundary layer con-
vection.

We assume that convection is in statistical equilib-
rium, and we follow the convecting air parcel around
a streamline (in a closed cycle). Since the closed
steady circulation might exist only in a statistical sense,
we might imagine that we are following a hypothetical
air parcel around an averaged streamline representing
a collection of convective drafts in statistical equilib-
rium. The energy cycle of a heat engine can be obtained
by integrating Bernoulli’s equation and the first law of
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thermodynamics around a streamline (Emanuel 1986,
1989); that is

Tds —d(;—_ [v|* +¢,T+ Lr+ gz) —f-di=0, (1)

where T is the absolute temperature, s the specific en-
tropy, v the vector velocity, ¢, the heat capacity at con-
stant pressure per unit mass, L, the latent heat of va-
porization of water per unit mass, r the water vapor
mixing ratio, g the gravity acceleration, z the height
above a reference level, f the frictional force per unit
mass, and d/ the incremental distance along the stream-
line.

Note that Eq. (1) neglects the heat capacity of water
substance and the effects of water substance on the den-
sity of the moist air. Emanuel (1988) derives a more
precise equation and estimates the error in Eq. (1) to
be of the order of 5%. We also assume the processes
to be thermodynamically reversible. In particular, we
neglect the diffusive and radiative heat fluxes in the
updrafts and the downdrafts, which are assumed to be
adiabatic. The assumptions of steadiness and closed cir-
culation are irrelevant to the energetics of the heat en-
gine. The assumptions of reversibility and of either,
moist or dry up—downdraft couplet is necessary only
for the idealization of the heat engine cycle as a Carnot
cycle (they are not necessary in a general heat engine
cycle). We make these assumptions because here we
wish both to isolate the essential physics to the energy
cycle of convective systems, as well as to study the
statistical equilibrium state of convecting atmospheres.
Our main goal is to present a simple model that cap-
tures in mathematical terms the essence of convective
systems. Furthermore, we intend to show that substan-
tial convective available potential energy (CAPE
~ 1000 J kg ') is necessary to maintain the convective
circulations against mechanical dissipation.

The essential feature of a heat engine is the fact that
heat must be absorbed by the working fluid at a higher
temperature than heat is rejected. The fact that heat
must be absorbed by the working fluid at a higher tem-
perature than heat is rejected also means that, in con-
vecting atmospheres, heat must be absorbed by the
working fluid at a higher pressure than heat is rejected.
Furthermore, in a heat engine the flow does not have
to be steady, and the working fluid can exchange mass
with the environment. Indeed, this is what happens in
most engineering heat engines (e.g., gas turbines and
internal combustion engines). The Stirling Cycle En-
gine is one of the few examples of closed cycle engi-
neering heat engines. This engine employs the alternate
heating and cooling of an enclosed working fluid (hy-
drogen) for the production of mechanical energy (Con-
sidine and Considine 1989). The justification for the
use of a hypothetical closed thermodynamic cycle in
the study of a real, noncyclic open engine, is that the
main constituent of the working fluid—dry air (satu-
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rated air in our idealization of deep moist convec-
tion ) —remains virtually unchanged in the mixing pro-
cesses.

Integrating Eq. (1) around a closed cycle, we get

des— if-dl=0,

which states that in statistical equilibrium, the friction
is balanced by the net heat input.
Integrating the first law of thermodynamics, we get

§ Tds = § pda,

where p is the pressure, and « is the specific volume.
Thus, the first term in Eq. (2) represents the net work
done by the heat engine cycle.

Since the net work done by one cycle of the heat
engine is equal to the total mechanical energy available
for convection over one cycle, we define

(2)

(3)

TCAPE = 95 Tds, (4)

where TCAPE is the total convective available poten-
tial energy from a reversible heat engine over one cy-
cle. This is the energy that can be converted to kinetic
energy by a reversible heat engine. It includes the avail-
able energy that is converted to kinetic energy by both
the updraft and the downdraft.

In a thermodynamic diagram, Eq. (4) integrated
around a Carnot cycle represents the area enclosed by
the hot and the cold adiabats (s, and s,), and the hot
and the cold isotherms (T, and 7), respectively, at the
bottom and the top of a ‘‘Carnot convective circula-
tion.”” This area, in turn, represents the total amount of
work done by the buoyancy forces in moving an air
parcel around the convective cycle. Brunt (1941)
showed that the area enclosed by the hot adiabatic, the
ambient temperature sounding, and the top and the bot-
tom of the convective layer represents the total amount
of work done by the buoyancy forces in moving an air
parcel along the updraft (that is CAPE). In the appen-
dix, we show that TCAPE is equivalent to the ‘‘stan-
dard’’ meteorological definition of tofral CAPE. Since
for nonprecipitating boundary layer convection most of
the mixing occurs at the cloud’s top (Squires 1958;
Paluch 1979), T, is approximately equal to the tem-
perature at this level (7, for deep convection is defined
in section 3). Since, in general, the entropy excess of
the updrafts over the environment is of the same order
of magnitude as the entropy excess of the environment
over the downdrafts, we argue that to first order
TCAPE =~ 2 X CAPE. The total CAPE—that is
TCAPE—is the energetically meaningful quantity, not
CAPE.

It follows from Eqgs. (2) and (4) that for a general
convective heat engine we must have

@
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TCAPE—&f-dl=O. (5)
This states that, in statistical equilibrium, friction is bal-
anced by TCAPE. Therefore, a zero total CAPE value
is impossible in convecting atmospheres, except in a
hypothetical planet in which the convective motions are
inviscid.

We define a dimensionless “‘coefficient of dissipa-
tion of mechanical energy’’ along the integration path

as
if'dl
2 ’

w

p= (6)
where w is the magnitude of the convective velocity.
Thus, from Eqgs. (5) and (6), we get

w = (u~'TCAPE)'"2. (7

Note that large p implies large dissipation and, there-
fore, small vertical velocities. ,

The dissipation of mechanical energy is mainly due
to the turbulent viscosity v, ~ [Aw, where [ and Aw
are the eddy’s characteristic length and velocity scale.
Thus, the coefficient of dissipation of mechanical en-
ergy can be written as

— ( erbv2w) lpath ~ ( AW) leath

w? w?l

(8)

In homogeneous and isotropic turbulence, the magni- -

tude of the velocity fluctuations and of the scale of the
largest eddies corresponds, respectively, to the ampli-
tude of the velocity change across the fluid and to the
size of the unstable region. Assuming homogeneous
and isotropic turbulence, the turbulent eddies are as en-
ergetic as the convective drafts. Thus, the characteristic
velocity scale is Aw ~ 2w. Moreover, assuming that
the length of the integral path is /,,, ~ 4/—a lower
bound for a shallow atmosphere—the coefficient of
dissipation of mechanical energy is given by p ~ 16.

In a rotating planet, the length of the integral path
must be a function of the Rossby radius of deformation.
In this study we have ignored the effects of rotation.
We could have used a more sophisticated parameter-
ization for y, but since our present objective is an order-
of-magnitude calculation, the above estimative is suf-
ficient. Consequently, p is the potentially tunable pa-
rameter of our scaling analysis.

3. Deep convection as a heat engine

In the deep convection occurring in convectively dis-
turbed regions, the bulk of the vertical transport is ac-
complished by subcloud-scale drafts (Stommel 1947;
Squires 1958; Paluch 1979; Raymond and Wilkening
1985). These subcloud-scale drafts consist of undiluted
updrafts, mixed-air updrafts, and downdrafts. Their

>
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spatial scale goes down to the smallest detectable scale
with current instruments-—about 10 m (Blyth and La-
tham 1990). In these deep convective systems, most of
the convective-scale cooling—through mixing and the
subsequent evaporation of condensate—occurs at the
middle troposphere where the moist entropy (equiva-
lent potential temperature) presents a minimum value
(Browning 1964; Newton 1966; Zipser 1977) and a
strong convergence is forced by the release of latent
heat of fusion (Fig. 1b). Additional cooling occurs at
higher levels by the emission of infrared radiation to
space.

Observations and numerical modeling (Browning
1964; Newton 1966; Klemp and Wilhelmson 1978)
show that the fact that the main updraft is isolated from
the main downdraft is the dynamically important fea-
ture of intense thunderstorms (see Figs. 1 and 2).
Moreover, the intense updraft is a consequence of al-
most undiluted ascent in the moist unstable atmosphere.
Observations also show that the strong downdraft is a
consequence of the melting and evaporation of precip-
itation, as well as of the evaporation of condensate in
the mixing of cloud material with the cold and dry mid-
dle tropospheric air. Since in severe storms the down-
drafts and updrafts are able to coexist, they continu-
ously gain energy from the convective heat engine. In
steady state, this energy is used to balance the mechan-
ical dissipation of energy by the convective system.

Since the warm moist adiabatic updraft and the cold
moist adiabatic downdraft (that includes the falling
precipitation) are the most important features of the
deep convective systems, which frequently reach a
quasi-steady state, these systems can also be idealized
as Carnot heat engines in statistical equilibrium con-
ditions. Note that we assume that both the updrafts and
the downdrafts follow a reversible saturated adiabatic
process. This way, the model discussed in the previous

V=

FiG. 2. Three-dimensional sketch of the updraft and downdraft,
relative to the storm, in a severe thunderstorm. Here, s, and s, refer
to the updraft and downdraft, respectively. Also shown are the ap-
proximate extent of precipitation at the surface (hatched area) and
the position of the surface gust front. Note the exaggeration of the
vertical scale (after Browning 1964).






