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Abstract

The heat to work conversion efficiency during upward heat convection is shown to be an order of
magnitude larger than the generally accepted value. The work produced when heat is carried upward
by convection is roughly equal to the upward heat flux multiplied by the Carnot efficiency calculated
using the average temperatures at which heat is received and given up.

The work calculated using the enthalpy equation is shown to be equivalent to CAPE and to the
reduction in the total enthalpy of the system. The enthalpy equation is more direct than CAPE because
there is no need to consider buoyancy at intermediate levels. The work is fully determined by the
initial and final conditions of the air mass which is moved. The enthalpy equation is also more direct
than the reduction in the enthalpy of the system because there is no need to know the total enthalpy
of the system. The work is shown to be roughly independent of whether the heat is transported upward
as sensible or as latent heat and of the mass flux used to transport the heat. A novel method of
calculating reversible and irreversible expansion temperatures is described.

1. Introduction

Lorenz (1967) states that the determination of the heat to work conversion efficiency of
the atmosphere constitutes the fundamental problem of atmospheric energetics. The gen-
erally accepted value of the work production and dissipation in the atmosphere is 2 t0 3 W
m ™2 The generally accepted conversion efficiency of the atmosphere is 0.7% of the solar
radiation intercepted by the Earth, 0.7% of 350 W m 2. Lorenz (1967) states that it is
unlikely that the value will be revised upwards.

This article shows that the work produced in the atmosphere must be an order of magnitude
larger than the generally accepted value. The work produced when heat is carried upward
by convection is shown to be approximately equal to the upward heat flux multiplied by the
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Carnot efficiency based on the temperature at which the heat is received and given up. The
work is essentially independent of whether the heat is transported as sensible or latent heat,
and of the mass flux used to transport the heat.

The lost work principle states that when heat is transported from a hot to a cold source
there is a potential for producing the same quantity of work as would be produced if the
heat were transported by Carnot engines. The Carnot efficiency involved in transporting
heat upward is determined by the vertical temperature profile of the troposphere. The
troposphere receives heat at high temperature which it radiates back to space at lower
temperature. Taking the average temperature at which heat is received and given up by the
troposphere as 295 K and 255 K, gives a Carnot efficiency is 15%. Taking the upward
convective heat flux to be somewhat higher than 100 W m~2, the work produced in the
atmosphere must be 20 to 30 W m ™2, 7% of the solar radiation intercepted by the earth,
15% of the heat carried upward by convection.

Peixoto and Oort (1992) assert that the efficiency of the atmosphere is 0.8% and not the
Carnot efficiency of 10%. They estimate the kinetic energy produced and dissipated at 0.8%
of the infrared radiation emitted by the earth, 0.8% of 238 W m~2, 2 W m~?2, Lorenz
(1967) recognized that the generally accepted efficiency is 4 to 5 time less than the classical
thermodynamic efficiency used earlier. The possibility of higher efficiency is occasionally
recognized. Emanuel (1988) showed that 33% of the heat carried upward in & hurricane is
converted to work. The discrepancy between the generally accepted work production and
classical thermodynamic has not been resolved.

Margules (1905) developed a method for calculating the work produced when an air
mass changes position. He did not relate the work to the upward heat flux. Normand (1946)
recognized that the atmospheric work production mechanism had been solved by Margules.
Normand was of the opinion that the results of Margules” work were not fully accepted
because Margules did not use real soundings. Normand pointed out that applying the
Margules method to a real sounding should reveal that latent heat of condensation is a major
source of kinetic energy.

The article shows that the work of buoyancy calculated using the enthalpy equation
corresponds to CAPE and to the reduction in the total enthalpy of the system by applying
the three methods to a GATE sounding previously analyzed by Randall and Wang (1992,
RW hereafter). The enthalpy equation has the advantage that the work is fully determined
by the initial and final states, there is no need to consider intermediate states. The Section
2 describes the thermodynamic system and the equations used to calculate the work produced
when an air mass is moved. The Section 3 applies the enthalpy equation to a GATE sounding
and shows that the results agree with CAPE and with the reduction in the total enthalpy of
the system. The Section 4 shows that the work produced is in accord with the loss work
principle and checks that the result remain valid when there is horizontal heating gradient,
mixing, condensate evaporation, condensate separation, or freezing. The incremental heat-
ing method of Lord and Arakawa (1980) is used to show that the work is produced in
accordance with the Carnot principle. The Section 5 discusses the reasons why the generally
accepted work production is so low and the significance of the results. A future article, Part
IT the internally generated entropy method, will calculate the work produced and dissipated
during real weather events from soundings taken before and after the event.
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2. Theory review
2.1. Enthalpy equation

Fig. 1 illustrates the fact that the troposphere receives heat at low level and gives it up at
higher level. Heat received at low level is transported by convection up to the level where
it is radiated to space. Work is produced when the heat is transported upward by convection.
The ideal thermodynamic system shown in Fig. 2, first used by Margules, will be used to
investigate the relation between work and heat.

The system consists of a column of air surrounded by insulated walls and covered by a
piston exerting a constant pressure. Unit mass m is raised adiabatically from the bottom to
the top of the column. Conservation of energy requires that the energy of the system in the

Qo
Heat
Out
Heat |qQ.
In !

Fig. 1. Diagram illustrating the fact that the troposphere is heated from the bottom by the Earth’s surface and
cooled from the top by infrared radiation to space.
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Fig. 2. System used to analyze the work produced when heat is carried upward by convection. The thermodynamic
system consists of a column of air surrounded by insulating walls and covered by a piston exerting a constant
pressure.
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final state be equal to the energy of the system in the initial state. The system is taken to be
at rest in the initial state. The total energy of the system is the sum of the internal energy
and potential energy of the air and of its water content in any phase plus the potential energy
of the piston. It can be shown that the total energy of the system is also equal to the total
enthalpy of the air including the enthalpy of its water content.

Eq. (1) of RW states that, in the absence of external energy source, the sum of the
enthalpy and of the kinetic energy of the system is constant. Therefore the work of buoyancy
(w,) produced when a mass of air is raised adiabatically is equal to the reduction in the
total enthalpy of the system.

wy = — AH (1)

where wy, is the work of buoyancy and where AH is the change in the total enthalpy of the
system. The work of buoyancy produced when mass m is moved from the bottom to the top
of the column is equal to the change in the enthalpy of mass m plus the change in the
enthalpy of large mass M. Adding a unit mass to the piston of a system consisting only of
large air mass M and a piston increases the total energy of the system by gz, where g is the
acceleration of gravity and z is the height, but the total energy of the system is also equal to
the total enthalpy of the air, therefore the change in the enthalpy of large air mass M is equal
to gz. The work of buoyancy produced when unit mass m is raised from the bottom to the
top of the column is therefore

wy,=—Ah— Agz=— Ap (2)

where Ah and Agz are the changes in enthalpy and in potential energy of the unit mass of
air between the initial and the final state, and Ay is the change in the static energy of the
raised air mass, where static energy is the sum of the enthalpy and the potential energy of
the unit mass. The work of buoyancy produced when a unit mass of air is raised is simply
equal to the reduction in its static energy. There is no need to know the total enthalpy of the
system. Appendix 1 gives equations for calculating the enthalpy and static energy of moist
air.

Eq. (2) is widely used by engineers to calculate the maximum work that can be produced
in any adiabatic flow process and is known as the total energy or enthalpy equation. Margules
derived an equation which can be reduced to Eq. (2) by incorporating the more recent
concept of enthalpy, [see Margules (1905) english translation page 552, eq. (4)]. The
enthalpy equation is derived in thermodynamics and fluid dynamics text books by making
an energy balance on a pipe. An engineer would calculate the work produced during the
lifting process by supposing that the bottom layer is moved to the top of the column via an
insulated pipe and by applying the enthalpy equation. The universal validity of the enthalpy
equation means that its application is not restricted to the closed system of Fig. 2, but that
it is applicable whenever a small air mass is moved adiabatically from one place to another
in the atmosphere.

The maximum work that can be produced in a hydraulic turbine, where the change in
enthalpy is negligible, is equal to the decrease in potential energy of the water. The maximum
work that can be produced when a gas is expanded adiabatically in a turbine, where the
change in potential energy is negligible, is equal to the decrease in enthalpy of the gas when
the expansion is reversible. The maximum work that can be produced when a mass of fluid
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changes position adiabatically, where neither the change in potential energy nor the change
in internal energy can be neglected, is equal to the decrease in its static energy when the
move is reversible.

The closed thermodynamic system of Fig. 2 makes it possible to investigate the effect of
individual processes independently. Radiative cooling and surface heating transfer enthalpy
from outside the system; convection rearranges enthalpy within the system. In the absence
of convection, heating increases enthalpy and cooling decreases enthalpy. Increasing the
enthalpy at low level or decreasing the enthalpy at high level makes the system unstable
and increases the work produced in subsequent rearrangement processes. Upward heat
convection produces work while restoring stability.

2.2. Convective available potential energy (CAPE)

The work of buoyancy produced when a unit mass of surface air is raised is commonly
known as CAPE, convective available potential energy. CAPE and w, are equivalent, CAPE
is calculated from the force of buoyancy acting on a unit air mass while wy, is calculated
from conservation of energy. CAPE is defined and calculated from

CAPE =g [ (2 —1)q (3)

P

TV,
= e _

CAPE gj(TV‘3 1)dz (4)
where p is the density, TV is the virtual temperature including the contribution of condensed
water, per RW eq. (A.5). The subscripts p and e designate the rising parcel and the
environment.

CAPE is calculated by integrating the product of force times distance, by integrating the
work of buoyancy. CAPE is the upward kinetic energy that would be produced by the force
of buoyancy in the absence of dissipative processes. W, is the work that must be produced
in order to conserve the total energy of the system, thus CAPE = w,. Calculating the work
of buoyancy from the enthalpy equation can be done in a single step; while calculating work
of buoyancy form the CAPE equations requires that the buoyancy force at many levels be
known. The enthalpy equation only requires knowledge of the initial and final conditions;
while CAPE requires that the conditions at intermediate positions be known.

2.3. Reversible and irreversible process

In an adiabatic and reversible process the entropy of each individual air mass is conserved.
In an adiabatic and irreversible process the total enthalpy of the system is conserved. The
work of buoyancy, wy, is maximum when the lifting process is reversible and zero when
the process is irreversible. In an irreversible process, the work that would be produced if
the process were reversible reverts to heat. Atmospheric convection is usually considered
to be an isentropic process. RW considered the updraft and downdraft process to be isen-
tropic. Satoh and Hayashi (1992, SH hereafter) recognized that the updraft process is a
constant static energy process when the work of buoyancy dissipates in the updraft. An
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engineer considers an adiabatic process to be isentropic when the friction losses are low; he
considers an adiabatic process to be isenthalpic when the work is dissipated by friction. A
process consisting of a constant static energy updraft and a constant entropy downdraft is
one of many possible processes where the total enthalpy of the system is conserved.

The thermodynamic method has the advantage that the work can be calculated without
knowing how the change of position is carried out. The work of buoyancy can be used to
increase the upward kinetic energy of the air (CAPE), it can be exported from the system,
or it can revert to heat. The name work of buoyancy is preferred to the name kinetic energy
because work of buoyancy does not necessarily produce kinetic energy. If the work of
buoyancy were used to increase the velocity of the parcel, the resultant velocity would be
(2 wb)O.S.

2.4. Calculation procedure

The equations used to calculate thermodynamic properties are given in Appendix 1. The
article uses the following moist thermodynamic properties per unit mass of pure air: entropy
(s), enthalpy (h) and static energy (u). These moist thermodynamic properties include
the contribution of the water content of the air in any phase and are used because it is the
thermodynamic property of the mixture and not of the component which is conserved in an
expansion process. The term moist is usually omitted in this article because thermodynamic
properties include the contribution of water unless stated otherwise. Moisture content is
measured using mixing ratio. Eq. (1) is applied to a unit mass of pure air plus its water
content, in which case the gz term must be multiplied by the total mass of the mixture, 1
plus the mixing ratio. Thermodynamic properties must be defined rigorously because the
work produced during convection is equal to the small difference between the initial and
the final static energy.

Upward heat convection produces potential energy of condensed water (w,) in addition
to the previously considered work of buoyancy (w,). The potential energy of condensed
water 18

Wp= 1, &2 ()

where r, is the mass of water in either of the condensed phases per unit mass of air. The
total work (w,) produced when an air mass is raised is the sum of the work of buoyancy
(wy) and of the potential energy of condensed water (w,,)

W =w, + oW, (6)

The effect of potential energy of condensed water is similar to the effect of including a
small solid mass with the parcel of rising air. Placing a solid mass of 1 g in an envelope
containing 1 kg of air would decrease the upward acceleration and the work of buoyancy,
but a corresponding amount of potential energy is produced. It is the work of buoyancy
(wy) which tends to accelerate the parcel upward and to produce Kinetic energy. It is the
total work (w,), which is equal to the upward heat flux multiplied by the Carnot efficiency.
The work of buoyancy (w,) is the part of the total work (w,) that is not needed to lift
condensed water and that could be used to produce kinetic energy. The potential energy of
condensed water is real work, it can be captured by separating and lowering the condensed
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water. The potential energy of high elevation air cannot usually be captured because in
order to lower the air an equivalent amount of air at low level has to be raised. The total
enthalpy of the system in the final state and the static energy of the parcel in the final state
both include the contribution of the potential energy of condensed water, therefore the
reduction in the total enthalpy of the system and the reduction in the static energy of the
parcel are equal to the work of buoyancy (w,) and not to the total work (w,). The reduction
in the static energy would be equal to the total work if the potential energy of condensed
water was not included in the definition of static energy. CAPE would be equal to the total
work if the contribution of condensed water was neglected in calculating density or virtual
temperature.

3. Work production and dissipation for a sounding
3.1. Reversible lifting process

GATE observation time 71 from RW will be used to show that the work of buoyancy
calculated from the enthalpy equation is equivalent to CAPE. The sounding was taken at
sea in the intertropical convergence zone where there is continuous heating from below.
Table 1 shows the sounding data, the properties of a parcel of surface air rising isentropically,
and the work produced per unit mass of rising air. The work of buoyancy was calculated
from the enthalpy equation (w,) and from the CAPE equation to show that the two methods
give essentially identical results.

The temperature of the updraft at the 16.25 kPa level is 210.8 K, exactly the same as
calculated by RW. The entropy of the updraft is constant at 243.44 J K~ ' kg ™', while the
static energy of the updraft decreases from 69217 to 68483 J/kg. The work of buoyancy is
equal to the reduction in the static energy of the updraft which is 734 J/kg, while CAPE is
688 1/kg. Thereis a 5% difference between wy, and CAPE. 2% of the difference is attributable
to the fact that CAPE is per unit mass of mixture while wy, is per unit mass of pure air. The
remainder of the difference could be attributable to the fact that the height calculation and
the CAPE integration use linear steps between sounding levels. Work of buoyancy is very
sensitive to height, a 3 m error in height would account for a work difference of 30 J/kg.

Table 1 shows the virtual temperature of the updraft which is equal to the virtual tem-
perature of the environment at the level of neutral buoyancy which is at 16.25 kPa. The part
of the column above 16.25 kPa, which does not take part in the rearrangement process, can
be replaced with a piston exerting a constant pressure to create a closed thermodynamic
system.

3.2. Irreversible lifting process

Table 2 shows the corresponding data for a parcel rising at constant static energy. The
updraft temperature is slightly higher for the constant static energy process than for the
constant entropy process. The method of calculating isentropic and constant static energy
expansion temperatures is described in Appendix A. Tables 1 and 2 are based and on the
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Table 2

Irreversible constant static energy lifting process. The parcel is taken form the base of the sounding and has a
constant static energy, u=69217 J/kg. The work of buoyancy is zero, w, =0. The only kind of work produced is
potential energy of condensed water, w,=wj,

Sounding properties Parcel properties Work

P T r z v T v ry h s Wp
(kPa)  (K)  (g/kg) (m) (K) Ky (K) (g/kg) (/kg) (J/Kkg)  J/kg)

11.25 1973 0.008 15761 1973 1915 1883 0.01 —87879 2449 2632
1375 2016 0.008 14589 2016 2023 1989 0.01 —76195 246.7 2435
1625 207.3 0.014 13589 207.3 2115 2079 0.06 — 66224 246.9 2266
2125 2197  0.051 11912 219.7 2265 2228 0.27 —49508 246.2 1976
2625 2317 0.130 10515 2317 2383 2346 0.75 ~35586 2454 1717
3125 2421 0.285 9305 242.1 2476 244.1 1.54 —23528 2449 1471
4125 2573 0931 7274 2574 2613 2585 3.75 —3288 2444 1023
5125 2671 3774 5605 267.7 270.8 269.0 6.32 13349 2441 675
61.25 2746 6.329 4187 2756 278.1 2713 8.92 27486 243.8 414
7125 2820 8.766 2048 2835 2839 2842 11.43 39829 2436 202
7625 2852 8.730 2382 286.7 2864 2873 12.64 45474 243.6 125
81.25 2875 0.172 1847 289.1 288.7 290.2 13.82 50812 2435 78
86.25 2898 1151 1338 2918 2909 2929 14.96 55876 2435 41
9125 2926 1345 854 2950 2929 2954 16.07 60702 2434 11
96.25 2957 16.60 390 298.6 295.0 2980 17.05 65325 2434 0
100.62 2988 17.05 0 3018 298.8 3018 17.05 69217 2434 0

condensed water not freezing and not separating from the air as was done by RW. The effect
of freezing and separation will be considered in the next section.

The static energy of the updraft is constant at 69217 I/kg, while the entropy of the updraft
increases from 243.4 to 246.9 J K~' kg~'. The work of buoyancy is zero because the
change in static energy is zero. The temperature of the updraft at the 16.25 kPa level is
210.8 K for the isentropic updraft and 211.5 K for the constant static energy updraft a
difference of 0.7 K. The dissipation of the work of buoyancy that is produced in the isentropic
process is the reason why the temperature of the parcel is higher in the constant static energy
process, wy,/ ¢, =734/1004 = 0.7, where c,, is the specific heat of air at constant pressure.

Fig. 3 shows the static energy of the sounding and the static energy of air rising from the
surface. The solid line is the static energy of the sounding. The dashed line is the static
energy of air rising irreversibly at constant static energy. The dotted line is the static energy
of air rising reversibly at constant entropy. The work of buoyancy is the reduction in static
energy in the constant entropy updraft case.

When a buoyant body reaches its terminal velocity, work dissipation equals work pro-
duction. The terminal velocity of a sphere of buoyant air 100 m in diameter whose virtual
temperature is 1 K higher than the environment is approximately 3 m/s. The terminal
velocity of a sphere is proportional to the square root of the buoyancy or temperature excess
and to the square root of the diameter. If the virtual temperature excess increases from 1 to
4 K the terminal velocity increases from 3 to 6 m/s. The upward velocity increases up to
the value where the work dissipation equals the work production. The work of buoyancy
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Fig. 3. Static energy versus pressure for GATE observation 71. Solid line static energy of sounding, dashed line
constant static energy updraft, dotted line constant entropy updraft. W, work of buoyancy for the isentropic updraft,
734 J/kg.

released after the terminal velocity is reached is dissipated by friction rather than used to
produce upward kinetic energy.

3.3. Large air mass

Lorenz (1967) divided the total energy of the system into a part that is available to
produce kinetic energy and a part that is not. He called the part that is available to produce
work the available potential energy (APE). He suggested that there is a state where the
APE is zero and called this state the reference state. Lorenz and RW developed algorithms
to determine in which order the layers have to be rearranged to reach the hypothetical
reference state.

RW found that raising a 2.5 kPa layer from the bottom of the sounding to the tropopause
would reduce the APE of observation time 71 to zero. RW called the average work produced
per unit mass of air in the system the Generalized CAPE (GCAPE), and called the average
work produced per unit mass of air raised the Cloud Work Function (CWF). RW calculated
GCAPE from the reduction in the average enthalpy of the system, eq. (1). RW calculated
GCAPE to be 11.12 J/kg, (see RW table 1). The same value was obtained by this author.
CFW is the work of buoyancy per unit mass of air raised. The CWF of the sounding is 350
J/kg, (see RW fig. 2). The total work produced when the 2.5 kPa layer is raised, the APE
of the sounding, is equal to GCAPE multiplied by the mass of air in the system, 8500 kg/
m*. The APE of the sounding is approximately 95000 J/m2. GCAPE is APE per unit mass
of air in the system.
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Table 3

Work of buoyancy per unit mass of air raised as successive layers are raised starting from the bottom of the
sounding. D depth of raised layer, P; initial pressure of unit mass, P final pressure of the unit mass, w, work of
buoyancy per unit mass (CAPE), w, potential energy of condensed water, w,= wy, +w,,, z; level of Py, z, 16.25
kPa level

D P, P, Wy Wy w, 2 g
(kPa) (J/kg) (m)

0.00 100.62 16.25 734 2263 2997 13,589 13,589
1.00 99.62 17.25 452 2188 2640 13,249 13,620
1.87 98.75 18.12 221 2124 2345 12,964 13,646
2.00 98.62 18.25 188 2115 2302 12,923 13,650
2.50 98.12 18.75 61 2079 2140 12,765 13,664
2,75 97.87 19.00 -1 2061 2060 12,687 13,672
3.00 97.62 19.25 —-62 2044 1981 12,610 13,679
4.00 96.62 20.25 —298 1975 1676 12,309 13,706

CAPE is the work of buoyancy produced by the first kilogram of air raised. CWF is about
half of CAPE because the work produced by the first kilogram of air raised is CAPE and
the work produced by the last kilogram raised just before the reference state is reached is
zero. RW tried various ways of reaching the reference state, but it is always possible to
reach a state where the work of buoyancy is zero, which is usually the reference state, by
raising air from the bottom to the top of the troposphere. In fact it is possible to go beyond
the reference state by providing work to raise additional air once the reference state has
been reached.

An alternative way of finding the reference state is to raise layers until the work of
buoyancy reduces to zero. Table 3 shows the work of buoyancy per unit mass of air raised
as successive layers are raised starting from the bottom of the sounding. When the air
initially at the base of the sounding is raised the work of buoyancy is 734 J/kg. When the
air initially 2.5 kPa above the base of the sounding is raised the work of buoyancy is 61 J/
kg. When the air initially 2.75 kPa above the base of the sounding is raised the work of
buoyancy is zero. Therefore the reference state can be reached by raising a 2.75 kPa layer.

The main reason why the work of buoyancy decreases as more air is raised is that the
height to which the air must be raised increases because the temperature of the environment
increases. Table 3 shows that the height of the 16.25 kPa level is increased by 75 m by the
time a 2.5 kPa layer is raised. Raising air an additional 75 m requires 734 J/kg reducing
the work of buoyancy from 734 J/kg to zero. In Table 3 the layers are inverted as they are
raised, the air originally at the 100.62 kPa level goes to the 16.25 kPa level, and the air
originally at the 98.12 kPa goes to the 18.75 kPa level.

GCAPE is approximately equal to one half of CAPE multiplied by the ratio of the mass
of the layer that can be raised to the mass of the sounding.

CAPEﬂ _ Wemy
2 M, 2M,

GCAPE = (7N

where m,, is the mass of the layer and M, is the mass of the system, example: (734/2) (2.5/
84.4) =12 J/kg. GCAPE increases with both CAPE and with the quantity of air that can
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Table 4

Effect of adding heat to the bottom kilogram of the sounding on the work produced when the bottom kilogram is
raised to the 16.25 kPa level. Q heat increment. Aw, total work increment. T, average temperature at which heat
increment is received. T, average temperature at which heat must be removed to restore initial temperature, Case
1: Base, GATE sounding #71 condition. Case 2: Temperature of bottom kilogram increased by 2 K. Case 3:
Mixing ratio of bottom kilogram increased by 1 g/kg

Initial parcel condition Heat and work Source temperatures Efficiency

Case# T r Q W Wy w, Aw, T, T, Aw/Q 1-TJT,
(Ky  (g/kp) (J/kg) (K) (%)

1 298.8 17.05 0 734 2263 2997 0 Base Base Base Base

2 300.8  17.05 2009 1344 2262 3606 609 2998 2115 303 295

3 298.8 18.05 2848 1354 2394 3748 752 2967 2130 264 285

be raised, but the quantity of air that can be raised is proportional to CAPE. GCAPE is
therefore proportional to the square of CAPE. For GATE soundings which are similar

GCAPE =K; CAPE? = K, w? (8)
APE = K, CAPE* = K, w?
where K;=2.04 X107 % and K, =0.18.

4. Heat to work conversion efficiency
4.1. Lost work principle

A well known principle of thermodynamics, the lost work principle, states that when heat
is transported from a hot to a cold source there is a potential for producing the same quantity
of work as would be produced if the heat were transported by Carnot engines. In Fig. 1 heat
is received at a higher temperature than it is given up. The temperature at which the heat is
received is the temperature of the surface, the temperature at which heat is given up is the
temperature at which heat is radiated to space.

The applicability of the loss work principle to the atmosphere will be demonstrated by
increasing the enthalpy of the bottom kilogram of the sounding and recalculating the work
to see by how much the work increases. The results are summarized in Table 4, where case
#1 is the previously calculated base condition. In case #2 the temperature of the bottom
kilogram is increased by 2 K, in case #3 the mixing ratio of the bottom kilogram is increased
by 1 g/kg. The heat added at the bottom of the system eventually has to be carried upward
by convection up to the level where it is radiated to space, and work is produced during the
heat convection process.

Raising the temperature by 2 K increases the enthalpy of the system by 2 ¢,,=2009 J,
where ¢, is the specific heat of air at constant pressure, and increases the total work w, by
609 J. 30.3% of the heat received becomes available to produce work. Raising the mixing
ratio by 1 g/kg increases the enthalpy of the system by Q, =~2848 ], where Q, is the heat
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required to vaporize 1 g of water initially at 210 K, and increases w, by 752 J. 26.4% of the
heat received becomes available to produce work. The work increment is over 25% of the
heat increment irrespective of whether the heat is supplied as sensible or latent heat.

Table 4 shows that the heat to work conversion efficiency is close to the Carnot efficiency
(n) in both cases, where n=1—T./T,. T, is the average temperature at which heat is
supplied and T, is the average temperature at which heat has to be removed to restore the
initial temperature. The efficiency in case 3 is slightly less than the Carnot efficiency because
there is some work loss due to chemical irreversibility because the water is not initially in
equilibrium with the air. Rigorous calculations can show that the total work is equal the
heat supplied multiplied by the Carnot efficiency minus a small amount of loss resulting
from chemical irreversibility. The realization that the ratio of the increase in the total work
(w,) divided by the heat supplied is equal to the Carnot efficiency is new. The effect of
adding heat or moisture on CAPE is not new, Lord and Arakawa (1980) investigated the
effect of relative humidity on CAPE using a mean GATE sounding and obtained results
which agree with those of Table 4, see their fig. 12.

The lost work principle is just a possibility for heat transported by conduction, but for
heat carried by natural convection the principle is reality, the work is actually produced and
dissipated. Part of the heat transported by convection is converted to work and then dissi-
pated back to heat by friction. In fact, the work produced and dissipated is slightly higher
in the irreversible than in the reversible case because of frictional reheat. The dissipated
work becomes additional heat.

For GATE observation 71, the temperature at which the heat is received is the surface
temperature 299 K, the temperature at which heat is given up ranges from 207 to 299 K,
the average cold source temperature is 253 K. The efficiency of a Carnot engine transferring
heat between 299 and 253 K is 15.4%. The efficiency of a Carnot engine transferring heat
between 299 and 207 K is 30.8%. Since the temperature of the hot source is constant the
efficiency of the process is determined by the temperature of the cold source. The heat to
work conversion efficiency is 30% for heat transported to the top of the troposphere, 15%
for heat transported to the mid troposphere, and around 3% for heat transported to the top
of the mixed boundary layer. There is one heat source and many heat sinks. The efficiency
of 30% in Table 4 is for parcels rising to the top of the troposphere. The efficiency would
be lower for the parcels that do not all rise to the top of the troposphere.

The Carnot efficiency is essentially determined by the level to which the heat is trans-
ported. The work is roughly independent of the mass flux used to carry the heat upward.
Doubling the heat increments in Table 4 doubles the work increment. The increment in the
work of buoyancy is the same whether the heat increment is carried upward by one or two
kilograms of air. There is no need to know the convective mass flux which is so difficult to
measure or model.

It is impossible to carry heat upward by convection without a significant part of the heat
being converted to work. The ratio of the work increment to the heat increment is somewhat
independent of the sounding. If the CAPE of the original sounding were negative, heating
would reduce the work that would be required to lift the air mass. The reason why work is
produced is that the work of expansion of air that has been heated is more than the work of
compression required to bring the same air back to its original pressure after it has been
cooled.
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4.2. Effect of other processes

The purpose of this section is to show that horizontal heat transport, mixing, separation
and freezing do not alter the validity of the Carnot principle.

4.3. Horizontal heat transport

Margules’ (1905) air mass initially side by side case has been widely used to show that
horizontal temperature gradients are responsible for the energy of the wind. Normand
(1946) pointed out that the Margules air mass initially side by side case is an intermediate
stage for the air mass initially on top of one another case and suggested that the work could
therefore be the result of upward and not horizontal heat transport. It can be shown that the
work produced in the air mass initially side by side case is half of the work produced in the
air mass initially on top of one another case. The quantity of work produced per unit mass
of air raised is identical in both cases. Therefore the work is the result of vertical and not of
horizontal heat transport.

Horizontal heat transport is invariably accompanied by vertical heat transport. Horizontal
heat transport only contributes to the production of work in as much as it includes vertical
heat transport. Horizontal/vertical heat transport tends to produce organized long lasting
circulations while vertical heat transport tends to produce eddies whose kinetic energy
dissipate rapidly. Heating the troposphere from the bottom produces APE and cooling the
troposphere from the top by radiation produces APE. Heating and cooling are not inde-
pendent, over the long run the heat given up equals the heat received. Upward convection
of heat destroys APE whether the convection is local or large scale. Wang and Randall
(1994, WR hereafter) shows that GCAPE decreases sharply during periods of precipitation
(see WR fig. 4).

4.4. Mixing

The work produced per unit of heat carried upward by convection is not significantly
affected by mixing, entrainment or evaporation. The fact that mixing does not significantly
affect the work produced was checked by comparing the total work produced when the two
air masses are raised separately with the total work produced when they are mixed isen-
thalpically before they are raised. Enthalpy is conserved in a mixing process, Dufour and
Van Mieghem (1975), (see page 223). The static energy of the combined masses is
conserved in rearrangement processes with entrainment because static energy is conserved
both in irreversible lifting processes and in mixing processes.

4.5. Type of expansion

Expansion temperatures are affected by the temperature at which the condensed water
freezes and by whether the condensed water separates from the updraft. The no ice and no
separation option was selected because it is the simplest and because it was the option used
by RW. Work calculations must be based on the same expansion process to be comparable.
Table 5 shows the effect of freezing and separation temperature on wy, w, and w, and on
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Table 5

Effect of freezing temperature and separation on work produced when the bottom kilogram of GATE observation
711israised tothe 16.25 kPalevel. T temperature of raised air at 16.25 kPalevel. ATV maximum virtual temperature
excess of parcel over environment.

True adiabatic Pseudo adiabatic

No ice Ice No ice Ice
w, (CAPE) 734 1739 1543 1914
wp 2263 2265 892 886
w, 2997 4004 2435 2800
T; 210.8 213.2 207.2 208.3
ATV 2.6 59 44 59

virtual temperature excess. True-adiabatic and pseudo-adiabatic expansion can both be
reversible in the sense that the work of buoyancy is not dissipated. When the condensed
water separates, there is less potential energy of condensed water (w,), but there is a
corresponding increase in the work of buoyancy (wy,). When there is no separation w,, is
greater than w,. When there is separation w, is greater than w,. The potential energy of
condensed water is a significant part of the total work in all cases.

Table 5 shows that freezing increases the work of buoyancy for true-adiabatic lifting
from 734 J/kg to 1739 J/kg. Eq. (8) shows that freezing increases GCAPE from 11.2 L.kg
to 62 J/kg (Kg 1739°=62). WR investigated the effect of freezing on GCAPE. WR
calculated that freezing increases GCAPE for GATE observation time 45 from 10to 57 J/kg.
Freezing has more effect on GCAPE than on CAPE because the work of buoyancy per unit
mass of air and the quantity of air that can be raised before reaching the reference state both
increase.

Freezing and separation have a significant effect on CAPE, but little effect on the fraction
of the heat transported upward by convection which is transformed to work. The enthalpy
increment method was used to check that the Carnot principle remains valid when there is
freezing or separation. For GATE observation 71, freezing increases the quantity of air that
must be raised to reach the reference state from 2.5 kPa to over 5 kPa. The heat required to
increase the temperature of the bottom 500 kg by 1 K is 500 ¢,, =500 kJ m~*. Fig. 3a of
WR shows that heating the base of the sounding by 1 K increases GCAPE by 7 J/kg. The
increase in APE is the mass of the sounding multiplied by GCAPE, 8500X 7 =60 kJ/m?.
The GCAPE efficiency is 60/500=12%. WR fig. 3b shows that the increase in GCAPE is
roughly independent of whether the heat is received as sensible or latent heat. The GCAPE
efficiency is 12% for sensible heating and 11% for latent heating. The GCAPE efficiency
is less than the Carnot efficiency because GCAPE does not include the potential energy of
condensed water. The observation 45 efficiency would be over 30% if the potential energy
of condensed water was considered. Table 5 shows that for true-adiabatic expansion with
freezing the total work (w,) is 2.3 times the work of buoyancy (w).

5. Discussion

5.1. Reasons for work underestimate

There are many reasons why the generally accepted work dissipation is low. Work which
is dissipated as it is produced is difficult to measure. There has been much more interest in
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precipitation and wind than in work. Small eddies quickly dissipate and their kinetic energy
reverts to heat, but a process which produces small disorganized eddies has the potential of
producing concentrated mechanical energy when organized. Many studies are primarily
concerned with the general circulation and work production is based on estimates of dissi-
pation. The potential energy of condensed water is usually neglected.

Lorenz (1967) developed complicated APE cycles which have been widely used. He
warned against the hazards of oversimplification. Lorenz (1967) calculated the work pro-
duced when baroclinic layers are rearranged so that potential temperature increases in the
upward direction. He ignored the moisture content of the air. Without the contribution of
water vapor GATE observation 71 is stable and raising air vertically requires rather than
produce work. Lorenz concluded that the horizontal heating gradient is the driving force
for the general circulation. Peixoto and Oort (1992) maintain that kinetic energy and by
inference work cannot be produced in a barotropic atmosphere. Their availability theory
considers neither the work produced by purely upward heat transport nor the contribution
of water.

It is easy to reach an incorrect conclusion when considering a complex system, using
simplified ideal systems is less prone to misinterpretation. The basic heat transport process
in the troposphere must be similar to the system of Fig. 1, horizontal temperature gradients
or the presence of water vapor do not eliminate the need to carry the heat upward by
convection. The main reason why work has been underestimated is the reliance on overly
complex models. Introducing too many entities in order to make the model conform fully
to nature makes it difficult to determine which entity causes an effect. Complex models
have not been able to establish whether the work is produced by vertical or horizontal heat
transport, or the contribution of latent heat. There is a tendency to believe that complex
models are more valid than simple ones.

5.2. Ideal process technique

The fact that the work is in accordance with the Carnot principle is readily evident in a
system using pure air and a thin layer, Michaud (1977). There is no need for the heat
increment technique when the lapse rate is adiabatic. Margules (1905) made the relationship
between work and heat difficult to see by moving too quickly from thin to thick layers.
Subsequent investigators introduced additional entities.

Thermodynamic engines are analyzed by using ideal cycles rather by solving the equation
of motion. Ideal processes must be ingeniously designed to permit investigating the effect
of new entities one at a time. The conclusions drawn from simple thermodynamic systems
such as Fig. 2 must be verified using alternative processes. Some alternate processes con-
sidered were reversible and irreversible flow in insulated pipes, and air parcels in weightless
insulated envelopes. Upward flow in an insulated tube is a constant static energy process
because the work of buoyancy is dissipated when the air inside the tube rubs against the
tube. Air rising in an insulated weightless envelope undergoes a constant entropy process
because the work of buoyancy is dissipated by the envelope rubbing against the environment.

An envelope containing a small solid weight can be used to investigate the contribution
of the potential energy of condensed water separately from the contribution of its latent
heat. Adding a one-gram-solid with zero heat capacity to the kilogram of air before it is
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raised, reduces the work of buoyancy by 133 J, but produces an additional 133 J of potential
energy showing that work of buoyancy and potential energy are interchangeable. The
envelope can be provided with weightless ropes to supply work to pull it to the level of free
buoyancy or to remove the work of buoyancy before it is loss by friction. The thermodynamic
system of Fig. 2 can consist of a series of layers separated by weightless insulated pistons
in order to eliminate convection and heat transfer. An ideal system permits moving an air
mass at will and calculating the work produced by the move or the work required to produce
the move. The condensed water can be separated and placed in an insulated container
conveniently located at the level of separation. The fate of the condensed water can thus be
set aside for investigation at another time. Michaud (1977) showed that upward convection
is equivalent to a gas turbine power cycle by replacing the downdraft with a compressor.
The fact that the work is always in accord with the loss work principle provided an inde-
pendent validity check. The author could not devise a process to transport heat upward by
convection without producing work according to the loss work principle. The impossibility
of designing a process where heat is transported upward by convection without converting
a significant part of it to work proves that the loss work principle applies to the troposphere.

5.3. Physical confirmation and implications

The Manzanares solar chimney, Mullett (1987) and Schiel and Schlaich (1988), pro-
vides physical confirmation of the validity of the work and efficiency calculations. The pilot
solar power plant consisted of a vertical chimney 10 m in diameter by 200 m high with a
turbine installed in the base of the chimney. The base of the chimney was surrounded by a
solar collector 2 m high and 240 m in diameter which increased the air temperature by 30
K. The upward velocity in the chimney was 15 to 20 m/s. The turbine generated up to 40
kW of electrical energy. The Carnot efficiency for a chimney 200 m high is 0.6%, the power
produced by the Manzanares plant was 0.2% of the heat transported upward. Friction and
exit losses account for the discrepancy. Michaud (1975, 1977) proposed a process for
capturing the energy produced during convection by using a vortex instead of a physical
chimney. The process is based on the fact that when heat is carried upward by convection
part of the heat is converted to work.

5.4. Conclusion

The work calculated using standard thermodynamics techniques, namely the total energy
equation and the loss work principles, was shown to be in accord with the work calculated
using standard atmospheric science techniques, namely CAPE and the reduction in the total
enthalpy. The total work produced when heat is transported upward by convection was
shown to be related to the upward heat flux by the Carnot efficiency. The work that is
produced when heat is transported upward by convection is essentially equal to the work
that would be produced if the heat were transported by Carnot engines.

Part II, the internally generated entropy method, will show that the mechanical energy
produced during a real weather event is equal to the entropy produced when the work
dissipates times the temperature at which the work is dissipated. The method will be used
to calculate the work dissipated during a squall and during forenoon heating of the mixed
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boundary layer from soundings taken before and after the events. The internally generated
entropy method yields the same heat to work conversion efficiency as the energy conser-
vation method. The work dissipated during the squall will be found to be closer to wy, than
to w, because the final state is not the state of minimum APE because the air from near
surface rises to the mid troposphere and not to the top of the troposphere.

In determining how much air to raise to reach the reference state, RW determined the
quantity of air that has to be raised to compensate for radiative cooling. Table 1 of RW
shows thatraising a 2.5 kPa layer raises the temperature of the troposphere by approximately
1.3 K, therefore compensating for a radiative cooling of 1 K/d would require raising a 2
kPa layer per day. A future article will use the techniques developed in this article to
calculate the subsidence required to compensate for radiative cooling, to explain how energy
is transferred upward and poleward by work of compression, and to examine the general
circulation.
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Appendix 1

1.1. Thermodynamic properties of humid air

The calculation of the thermodynamic properties of humid air is based on Dufour and
Van Mieghem Thermodynamique de I Atmosphére. The constants used in the following
equations are defined in Table 6.

1.1.1. Entropy

The entropy (s) of a unit mass of air containing water in the vapor, liquid and ice phase
is
s§=5,+s,+595, +s (A1)
The entropy of the air (s,) is
T Pa
Sa = CpuIn(z-) = R, In(—) (A2)
TO a0

The entropy of the water in the vapor phase (s,) is
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Table 6
Physical constants

Specific heat of ice ¢;=2090 JK kg™t
Specific heat of air Cpa=1004.7 JK 'kg™!
Specific heat of water vapor cov= 1846 IJK 'kg™!
Specific heat of liquid water C,, =4190 JK tkg!
Acceleration of gravity £=9.80 ms™?
Latent heat of fusion Lo=333660 Jkg™!
Latent heat of vaporization L.o=2500840 Tkg™!
Base pressure for air Pao= 100 kPa
Base pressure for vapor Pvw=0.61068 kPa
Gas constant for air R,=287.0 JK 'kg™!
Gas constant for vapor R,=4615 JK 'kg™!
Base temperature T,=273.15 K
Clapeyron coefficients
Equilibrium with liquid a,, =52.92

B,, = 6806

Y =5.079
Equilibrium with ice o;=2549

B, =6286

v, =0.5286

5v = 1o Lo In() — R, In(2) + 22 (A3)
Ty VO Ty

The entropy of the water in the liquid phase (s,,) is
T
Sy =1y [y In(7)] (A4)
T,

The entropy of the water in the ice phase (s;) is

5= e - 22 (AS)
(4] [4]

where T is the absolute temperature, p, is the partial pressure of the air, p, is the partial
pressure of water vapor, r,, r,, and r; are the mixing ratio for water in each of the three
phases. T, (273.15 K) is the base condition for temperature, p,, (100 kPa) is the base

pressure for air, and p,,, (0.61068 kPa) is the base pressure for water vapor. The mixing
ratio for water in the three phases, , is constant in an expansion process without separation.

r=r,+r, +r= const (A6)

Thermodynamic properties are measured per unit mass of pure air and include the
contribution of the water content of the air in all phases. Ooyama (1990) used the name
moist entropy per unit mass of pure air. The zero conditions for entropy are those used by
Ooyama: 0°C and 100 kPa for the air, and liquid water at 0°C and at the saturation pressure
of liquid water at 0°C.
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1.1.2. Enthalpy
The enthalpy (%) of a unit mass of air containing water in the vapor, liquid, and ice phase

is

h=hy+h, + h, +h (A7)
The enthalpy of the air (4,) is

ha = Cpa( T - TO) (AS)
The enthalpy of the water in the vapor phase (4,) is

hy=r.lcp(T—Tp) + Lyl (A9)
The enthalpy the water in the liquid phase (A,,) is

he =ry e (T—Ty)] (A10)
The enthalpy of the water in the ice phase (&) is

hi=rlca(T—Ty) — Ly (A11)

1.1.3. Static energy

The static energy () per unit mass of pure air is the sum of the enthalpy and the potential
energy of the air and its water content.

p=h+ (1+r) gz (A12)

where g is the acceleration of gravity and z is height. The base conditions for enthalpy and
for static energy are the same as for entropy. The zero level is the base of the sounding. The
above definition of static energy is equivalent to Emanuel (1988) Eq. (AS) except that the
base temperature and state are different.

The usual definition of moist static energy is an approximation of the real static energy.
Moist static energy is commonly defined as A= c,T+ gz +Lg, where h is the moist static
energy, L is the latent heat of vaporization, g is the specific humidity and the other symbols
have the previously used meanings. The usual moist static energy is not sufficiently accurate
to calculate work of buoyancy from difference between initial and final value.

1.1.4. Water vapor pressure
The vapor pressure of water (p,) in kilopascal is given by the Clapeyron equation.
_ B _
Inp, = a — T yInT (A13)

The value of the coefficients for vapor in equilibrium with liquid water and for vapor in
equilibrium with ice are listed in Table 6.
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1.1.5. Duhem’s theorem

Duhem’s theorem states that irrespective of the number of phases or constituents two
thermodynamic variables are sufficient to fully define the state of a system of known
concentration at equilibrium. In chemical engineering changing the state of a system of
fixed composition is called a flash. An adiabatic and reversible lifting updraft is an isentropic
flash; an adiabatic and irreversible updraft is a constant static energy flash.

A solver is used to calculate isentropic expansion temperature from knowledge of initial
mixing ratio, initial entropy and final pressure. The solver calculates the temperature required
to satisfy the fundamental entropy equation, Eq. (Al). The solver takes a guess at the
expansion temperature, calculates how much water is in each phase and calculates the
entropy. The guess is refined until the final entropy is equal to the initial entropy. When the
mixing ratio is less than the saturation mixing ratio, the last two terms of Eq. (A1) are zero.
Water beyond the saturation amount is taken to be in one or both of the condensed states.
With the fundamental definition of entropy, Eq. (A1), there is no need for separate entropy
equations for unsaturated and saturated expansion as used by RW (1992} and Ooyama
(1990) or for the single equation valid for unsaturated and saturated expansion used by
Emanuel (1988). The solver technique can be applied to constant static energy expansion
since height is a function of pressure.

Condensed water can freeze at any temperature between 0 and —40°C. The ambiguity
concerning the state of the condensed water can be resolved by adopting the freezing band
technique used by Donner (1993). Above the freezing band the condensate is all in the
liquid phase, below the freezing band the condensate is all in the solid phase, and within
the freezing band the fraction of water in each condensed state is proportional to the position
in the band. If the freezing band is from — 10°C to —30°C, the condensate starts to freeze
at —10°C and at —20°C the condensate is half liquid and half solid. Pseudo-adiabatic
expansion is a multi-step isentropic flash in which the condensed phase is removed after
each step. Pseudo-adiabatic expansion was approximated by expanding in 5 kPa steps and
separating the condensed water after each step.
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