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ABSTRACT

The generation of available potential energy (APE) in the atmosphere according to Lorenz’
(1955a, b) exact and approximate equations is investigated in the space-time domain. The
generation is determined from the fields of diabatic heating and temperature. The heating is
evaluated by the residual method, using 4 x daily ECMWF-(European Centre for Medium-
Range Weather Forecasts) initialised analyses for the January months of 1986-1992 and the July
months of 1985-1991. The contributions of different parts of the atmosphere to the exact and
approximate generation are investigated, and the differences between these contributions are
explained. In the derivation of the equation of the approximate generation, Lorenz made several
approximations. The most serious one appears to be that the average pressure on an isentropic
surface is approximately equal to the pressure of the isobaric surface, for which the average
potential temperature is equal to the potential temperature of the isentropic surface. Our results
show that the largest differences between the contributions to the exact and approximate genera-
tion occur in the extratropical low troposphere. Here the contribution to the exact generation
of eddy APE is up to 10 x smaller than in the approximation, and the contribution to the exact
generation of zonal- and time-mean APE is weakly positive, whereas for the approximation it
is strongly negative. Other main differences occur in the tropical middle troposphere where
the contribution to the exact generation of mean APE is about two times as small as the
approximate value. Despite these large differences, the globally averaged exact generation of
mean APE, which is 2.29 W/m? in January and 1.88 W/m? in July, differs less than 3 % from its
approximation. The globally averaged exact generation of stationary eddy APE, which is
0.26 W/m? in January and 0.45 W/m? in July, is about 25% smaller than its approximation.
In most individual months the globally averaged exact generation of transient eddy APE is
weakly positive (about 0.01 W/m?), whereas the approximation is weakly negative (about
—0.08 W/m?). The globally averaged generation of mean APE is not sensitive to the period and
kind of the circulation data. The sensitivity of the globally averaged generation of stationary and
transient eddy APE is about 0.1 W/m?.

1. Introduction

The generation of available potential energy
(APE) is an important component of the atmo-
spheric energy cycle, since it describes how the
potential energy of the atmosphere, which is
continuously converted to kinetic energy, is main-
tained by diabatic heating. Lorenz (1955a, b)
derived the so-called “exact” and approximate
equations for the generation of mean and eddy
APE. The “exact” generation is determined by

the product of diabatic heating and an efficiency
factor, while the approximation is determined by
the product of diabatic heating and temperature
anomalies (see Section 2). Although the “exact”
equations are based on several assumptions, we
will hereafter omit the quotes of “exact”. These
assumptions are that (1) the atmosphere is in
hydrostatic balance and (2) is stably stratified,
(3) latent energy does not contribute to internal
energy, and (4) surface topography can be ignored
(see also Taylor, 1979).
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The most recent study on the exact generation is
probably the study of Newell et al. (1974). In this
study, the attention is restricted to the generation
of zonal- and time-mean APE. The exact genera-
tion has also been estimated by Dutton and
Johnson (1967). Wiin-Nielsen and Brown (1962),
Brown (1964), and Lawniczak (1970) estimated
from diabatic heating and temperature observa-
tions the approximate generation of APE. In the
period after 1974 the accuracy of atmospheric
data has, especially for the heating, strongly been
improved (see, e.g., Hoskins et al., 1989). In studies
on the generation published after 1974 the atten-
tion, however, is restricted to the approximate
generation (e.g., Oort and Peixoto, 1983; Arpe
et al, 1986; Ulbrich and Speth, 1991). The
accuracy of these recent approximate estimates is
not known. Particularly the generation of eddy
APE is poorly known. It depends on the variation
in time and longitude of diabatic heating, which is
difficult to estimate accurately. In the study of
Oort and Peixoto (1983) this value is simply
assumed, while Arpe et al. (1986) find that the sign
of the estimated generation of eddy APE depends
on the kind of circulation data used (e.g., first-
guess or 12 h forecast data).

In the present paper the generation of APE will
be computed from recent atmospheric data, using
Lorenz’ (1955a, b) exact as well as approximate
equations. The differences between the exact and
approximate results will be investigated and
explained, and the contribution from different
parts of the atmosphere to the global integrals of
the exact and approximate generation will be
examined. The generation is separated in a zonal-
and time-mean part, a stationary eddy part and a
transient eddy part. The diabatic heating is com-
puted as a residual in the thermodynamic energy
equation, using 4 x daily initialised analyses from
the European Centre for Medium-Range Weather
Forecasts (ECMWF) for the January months of
1986—-1992 and the July months of 1985-1991.

It should be mentioned that the generation of
APE is a global concept, so that only the genera-
tion integrated over the total mass of the atmo-
sphere has a physical meaning. Nevertheless it
makes sense to investigate the contributions from
different parts of the atmosphere to the global
integral, because only with such an investigation
differences between the global integrals of the exact
and approximate generation can be explained.
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In Section 2, Lorenz’ exact and approximate
equations for the generation of APE are presented,
the differences between the exact and approx-
imate equations are interpreted, and the ECMWF
circulation data are described. In Section 3, the
results for the exact and approximate generation
are shown and their differences are explained. The
results are evaluated in Section 4.

2. Theory and data

2.1. Lorenz’ equations for the generation of
available potential energy
Lorenz’ (1955a, b) exact expression for the
generation of APE per unit of area, G°(P), is:

G°(P)= qu dm, (1)

1
4nR?
where R is the mean radius of the earth, N is
an efficiency factor, and ¢ is the diabatic heating
per unit of mass. N and g depend on latitude,
longitude, altitude and time. The integral is taken
over the entire mass (m) of the atmosphere. The
efficiency factor N is equal to

N=1-(p0)/p), @)

where p is pressure, 6= T(p,/p)* is potential
temperature, §(0) in any point in the atmosphere is
the globally averaged value of p on the isentropic
(6 =constant) surface that passes through that
point, T'is temperature, p, is a standard pressure of
1000 hPa, and k = (¢, —¢,)/c,,, where c,and ¢, are
the specific heats of dry air at constant pressure
and volume, respectively. On those parts of the
isentropic surface that are “below” the earth’s
surface, the pressure is set equal to the surface
pressure. These parts can be regarded as coincid-
ing with the earth’s surface.

Because we want to explain differences between
the exact and approximate generation, we will
briefly repeat Lorenz’ (1955b) derivation of the
approximate expression. We will now describe
this derivation as seven successive approxima-
tions, which will be numbered from I to VII. In
approximation I, (2) is linearized:

 (p—50)
NNK(—M) ) 3)
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Approximation II is that the average pressure
on an isentropic surface is approximately equal to
the pressure of the isobaric surface, for which
the average potential temperature is equal to the
potential temperature of the isentropic surface:

p= p(B(p)). (4)

Although the tilde in (4) is used to denote averages
over isentropic as well as isobaric surfaces,
throughout this paper its meaning will always be
clear, because the tilde will only be used for the
symbols (8) and B(p) (averages respectively
over isentropic and isobaric surfaces). From (4) it
follows that p — p(8) can be approximated as

p—B(O)= p(B(p)) - p(O). (5)

Next the right-hand side of (5) is approximated
by the linear term of a Taylor-expansion (Approxi-
mation III):

BB(p))— p(8) ~ — 6" 9p(6)/26, (6)

where 0” = 0 — (p). It can be shown, by taking the
partial derivative to p of (4), that

0p(9)/00 = (3B(p)/op) ! (7)

(approximation 1V). Eq. (7) is exact if approxima-
tion II is exact. If 8(p) in (7) is approximated by
its time average (approximation V), j(6) in the
dominator of (3) is approximated by p (approxi-
mation VI), and g in (1) is approximated by ¢”
(approximation VII), then successive substitution
of (7), (6), (5), (3) and (1) gives Lorenz’ (1955b)
expression for the approximate generation:

1

TP =ar

[rrq am, ®)

where the expression for the stability parameter 7,
is

N R

Assuming hydrostatic equilibrium, the time
averages of (1) and (8) can be written as

G°(P)=G(Py) + G(Psg) + G*(Prg),
G*(P) = G*(Py) + G*(Psg) + G*(Prg),

(10)
(11)
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where
crw =3[ [N

xcos(9) dg dp, (10a)
G(reer=3 ] [ 208

xcos($) dg dp, (10b)
cre=3[ [0V

xcos(4) dé dp. (10¢)
r=3 ] ["rry

x cos(¢) d¢ dp, (11a)
=3[ [ 014

xcos($) di dp. (11b)
a(pw =3[ [T

x cos(@) dg dp. (11c)

Here g is the acceleration due to gravity, p, is the
zonal- and time-mean surface pressure, ¢ is
latitude, [x] is the zonal mean of x, X is the time
mean of x (in the present study the monthly mean)
and x’ and x* are the deviations of x from x and
[x] respectively. Egs. (10a, b,c) and (11a, b, ¢}
are Lorenz’ exact and approximate equations of
the generation of zonal- and time-mean, stationary
eddy and transient eddy APE, respectively. The
integrands in (10a,b,c) and (1la,b,c) are
expressed in units of Wm~2Pa~!, In (103, b, ¢)
and (11a, b, c), and in the rest of this paper, the
G-symbols all denote globally averaged quantities.
Besides y; (9), 2 other expressions for the stability
parameter frequently occur in the literature:

__(x)(an_, T~
= (P)( op Kp)’

—2x1 o 2k,
Yo=p —f P yu(p)dp.
Do Yo

(12a)

(12b)
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ya Was, for example, applied by Arpe et al. (1986),
and y, by Oort (1964). We will investigate for
which form of y the resemblance between the exact
and the approximate generation is best.

2.2. The accuracy of the approximations II and IV
in the derivation of the approximate generation

As will be shown in Section 3, the main differen-
ces between the exact and approximate genera-
tion can be understood from approximation II,
p=~ p(B(p)), and the related approximation IV,
0p(0)/06 =~ (88(p)/op) . Below we will discuss the
accuracy of these approximations. In addition we
will argue that approximationII almost only
affects the generation of mean APE, and that the
generation of eddy APE is almost only affected by
approximation IV.

2.2.1. The accuracy of the approximation
p~ pB(p)). The accuracy of p= p(B(p)) is
determined by the distribution of 8, which zonal
average is shown in Fig. 1 for January 1986. On
a surface that is isentropic as well as isobaric
the values of p and p(f(p)) are the same. As
follows from Fig. 1, in the upper troposphere and
stratosphere the isentropes are nearly isobars.
Therefore at these levels the values of p and 5(8(p))
are nearly the same. This is revealed by Table 1,
whi~ch shogvs for January 1986 the values
of B(p), p(B(p)), 6p(6)/00 and (26(p)/op)~" at
100, 500 and 1000 hPa. The values of 0p(6)/00
and (09(p)/dp)~! are computed for the points
(B(p), p(B(p)) and (B(p), p), respectively. The
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Table 1. Values of 8(p), p(B(p)), 3p(6)/00 and
(80(p)/op)~" at 100, 500 and 1000 hPa for January
1986

P 8p)  pO(p))  ap(6)/66 (3B(p)/op)
(hPa) (K) (hPa) (hPa/K) (hPa/K)

100 400 104 —0.8 —0.8

500 314 525 —13.0 —174
1000 286 894 -71 —22.6

results for January 1986 do not significantly
deviate from results for other months.

In the middle troposphere, represented by
500 hPa in Table 1, 5(6(p)) is larger than p. To
understand this, we refer to the distribution of
# in Fig. 1, which has the characteristics that the
pressure on the isentropes is higher in the tropics
than in the extratropics, and that this pressure
difference increases with decreasing altitude. At
500 hPa the value of 0(p) is 314 K. In the tropics
(equatorward of 30°) the pressure on the 314K
isentrope is more than 500 hPa, whereas in the
extratropics it is less than 500 hPa. Because in the
tropics the “distance” to the 500 hPa isobar is
larger than in the extratropics, the value of
p(314 K) is larger than 500 hPa.

In the lower troposphere, represented by
1000 hPa in Table 1, (8(p)) is smaller than p. The
pressure on the £(1000 hPa) = 286 K isentrope is
either equal to or less than the surface pressure.
Therefore, because the surface pressure is generally

500

Pressure (hPa)

1000

908 458

0 45N 90N

Fig. 1. Distribution of the zonal mean potential temperature, [#]), in January 1986. Contour interval: 10 K.
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less than 1000 hPa, the value of 5(#(1000 hPa)) is
less than 1000 hPa.

In (5) the approximation p~ p(8(p)) is applied
to estimate p— (0} in (3) by p(B(p))— p(6). In
isobaric coordinates, the values of p and p(8(p))
on a latitude circle do not vary with longitude.
Therefore the stationary eddy parts of p and
F(B(p)) are zero. Consequently the stationary eddy
parts of p — p(6) and p(8(p)) — p(P) are the same,
so that the approximation p~ j(8(p)) does not
affect the generation of stationary eddy APE.

In isobaric coordinates also the transient part of
p is zero. The transient part of 5(8(p)) is very
small, because j(8(p)) only depends on global
averages. Consequently the transient eddy parts of
— p(6) and p(B(p))— p(0) are almost the same,
so that the approximation p &~ j(8(p)) does hardly
affect the generation of transient eddy APE.

The zonal- and time-mean parts of p — j(0) and
F(B(p))— p(H) are not necessarily the same. There-
fore the approximation p & j(0(p)) might affect
the generation of zonal- and time-mean APE.

2.2.2. The accuracy of the approximation
0p(0)/00 ~ (88(p)/dp)~'. The accuracy of
9p(0)/00 ~ (00(p)/ap)~" follows from Fig 2,
which shows the functions 8(p) (solid curve) and
P(0) (dotted curve). The vertical distance between
the two curves (defined positive if the solid curve is
above the dotted curve) is equal to 5(6(p))— p.
Therefore from Subsection 2.2.1 it follows that in
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Fig. 2. Profiles of 5(6) (dotted) and 8(p) (solid), where
P(6) denotes pressure averaged over an isentropic sur-
face, and f(p) denotes potential temperature averaged
over an isobaric surface.
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the upper troposphere and stratosphere the two
curves nearly coincide, whereas at 500 hPa the
solid curve is slightly above and at 1000 hPa it is
below the dotted curve. Because in the upper
troposphere and stratosphere the two curves
nearly coincide, here the values of dp(6)/06 and
(60(p)/op)~" are nearly the same, as shown in
Table 1.

In the lower troposphere the value of 05(0)/00,
as revealed from Fig. 2, is very small. This is
because for small values of 6, which occur in the
lower troposphere, a large part of the isentropic
surfaces coincide with each other at the earth’s
surface. This effect is not seen in (88(p)/dp)~",
because it is determined by the average static
stability on isobaric surfaces. Fig. 2 shows,
however, that particularly for the small values of 6
at high latitudes in the lower troposphere, the
difference between 85(0)/@0 and (86(p)/dp)~" is
much larger than the difference that follows from
Table 1. This is because, as mentioned above, the
values of dp(0)/00 in Table 1 are computed for
6="0(p), and therefore only apply for latitudes
where 0 =08(p). Fig. 1 shows that these latitudes
are at about 30°. If 6 approaches the lowest tem-
perature found at the earth’s surface, then the ratio
(00(p)/0p)~'/(8p(6)/80) approaches infinity.

Fig. 2 shows also that in the middle troposphere
the magnitude of (68(p)/dp)~" is larger than the
magnitude of d5(6)/00, whereas in the upper
troposphere the magnitude of (60(p)/dp)~" is
smaller than the magnitude of 65(6)/00.

2.3. Data and method for calculating the diabatic
heating
The diabatic heating (g) is calculated as a
residual in the thermodynamic energy equation for
an ideal gas, which can be written as

o (0T, __u 9T »dT
9=\ 3/ " Rcos(p) o2 " R og

(13)

where / is longitude, ¢ is time, u is zonal wind, v is
meridional wind and w =dp/dt.

The circulation data that are applied in (13)
(4, v, w and T) are initialised analyses, obtained
from the ECMWF, for the January months of
1986-1992 and July months of 1985-1991. We
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computed ¢ each day at 0. 6, 12 and 18 GMT, on
14 pressure levels (1000, 850, 700, 500, 400, 300,
250, 200, 150, 100, 70, 50, 30 and 10 hPa) for a
global 2.5°x2.5° grid. More details about the
computation of ¢ are given by Siegmund (1993).

3. Results

3.1. The generation of zonal- and time-mean
available potential energy

3.1.1. The exact generation of mean APE
(G°(Py)). The exact generation of mean APE is
determined by the zonal- and time-averages of the
diabatic heating, [¢], and the efficiency factor,
[N] (see (10a)). We will firstly discuss the dis-
tribution of [N]. The distributions of [§] for
January 1986-1992 and July 1985-1991 are similar
to the distributions for January 1986-1988 and
July 1985-1987 that are shown and discussed by
Siegmund (1993), and are therefore not considered
in the present paper.

The January distribution of [N] is shown in
Fig. 3. If the patterns of the two hemispheres
are interchanged, the distribution becomes very
similar to the July distribution, which is therefore
not shown. In the lower troposphere [N] is
positive everywhere. This is because in the
reference state, which is the state with the lowest
possible amount of total potential energy, and
without available potential energy, the tem-

perature in the lower troposphere is lower than in
the actual state. As a result everywhere in the lower
troposphere a diabatic heating (cooling) in the
actual state will increase (decrease) the differ-
ence in temperature between the actual and the
reference state, and will therefore increase
(decrease) the amount of available potential
energy. Thus in the lower troposphere a positive
(negative) ¢ results in a positive (negative) con-
tribution to G°(Py), so that N is positive in the
lower troposphere. Both in January and July the
largest positive values of [ N ] of around 0.10 occur
in the stratosphere, at high latitudes of the summer
hemisphere. The largest positive values in the
troposphere are about 0.07, and occur in the
tropics around 500 hPa. The largest negative
values are in the upper troposphere at high
latitudes of the winter hemisphere: less than —0.28
in January and less than —0.35 in July.

The local contributions in January and July to
the exact generation of mean APE, G°(Py),
are shown in Figs. 4a and 5a, respectively. In
most parts of the atmosphere the contribution to
G°(Py,) is positive. The largest positive values
(dense shading: more than 50x10~°W m~—?
Pa~!') occur in the rising branch of the Hadley cell,
where both [N] and [§] are positive, and at
middle and high latitudes of the winter hemi-
sphere, where both [N] and [§] are negative.
The contribution to G°(P,,) is negative in the
descending branch of the Hadley cell, where [N]

500

Pressure (hPa)

1000

90s 458

0 45N 90N

Fig. 3. Distribution of the zonal mean efficiency factor, [N ], in January. Contour interval: 0.025. Negative contours
are dashed and zero contours are thinned; dense shading: more than 0.05, light shading: less than —0.05.
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is positive and [4] is negative, and in most of the
stratosphere.

The value of G°(Py,) (i.e., the globally averaged
exact generation of mean APE) is 2.29 W/m? in
January and 1.88 W/m? in July. In the computa-
tion of global averages, the lower and middle
troposphere near Antarctica (south of 60°S and
below 500 hPa) is not included, because here the
contribution to G°(P,) shows unrealistic large
positive and negative values. These values are due
to errors in the diabatic heating, which in turn are
due to errors in the circulation data. These errors
are also found by Fortelius and Holopainen (1990)

P. SIEGMUND

and Hoskins et al. (1989), and are probably due to
the steep orography of Antarctica. The values of
G°(Py) for individual months are presented in
Tables 2,3. These values have an interannual
variation of about 0.14 W/m?, and do not show a
specific trend.

3.1.2. Differences between G¢(P,) and G°(Py,):
description. Figs. 4b and 5b show the local con-
tributions to the approximate generation of mean
APE, G*(Py), in January and July, respectively. In
the computation of G*( Py, ) the stability parameter
y1 (9) is applied. The main differences between the
contributions to G*(P,,) and to G°(Py,) occur, as

0 d
J
o )
< i
& 500 |
3
[0 !
9] )
[0] H
e i
s} i
1000
90w
0
)
an)
£
4 500
3
n
[0)]
[0]
19
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1000 li

90W

45W

0 45E 90E

Fig. 4. Local contribution to the exact (a) and the approximate (b) generation of zonal- and time-mean available
potential energy in January. Contour interval: 50 x 10~° W m ~2 Pa ~!; negative contours are dashed, zero contours
are thinned. Dense shading: more than 50 x 10~ W m —2 Pa—!; light shading: less than —50x 10" W m~-2Pa~'.
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(hPa)
Rl

500 |

B (e e

a8

Pressure

(hPa)

500

Pressure

1000

90S
Fig. 5. As Fig. 4, but for July.

Table 2. Globally averaged values for individual January months of the exact and approximate (indices e
and a, respectively) generation of zonal- and time-mean, stationary eddy and transient eddy available poten-
tial energy (P, Pgp and P, respectively), and the average and standard deviation (o) of these values
(W/m?)

G*(Pu) G*(Pwu) G*(Psg) G*(Psg) G*(PrE) G*(Pre)
1986 2.36 2.48 023 0.24 0.01 —0.16
1987 222 2.29 0.24 0.29 0.06 -0.10
1988 2.08 2,01 0.19 0.30 —-0.09 —0.24
1989 2.20 2.15 0.25 0.32 0.03 —0.14
1990 243 2.41 0.32 0.45 —0.02 0.03
1991 2.48 2.60 0.30 0.46 0.04 —0.14
1992 2.26 2.10 027 0.40 0.01 0.10
average 2.29 2.29 0.26 0.35 0.01 —0.09
a 0.13 0.20 0.04 0.08 0.05 0.11

Tellus 46A (1994), 5
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Table 3. As Table 2, but for July
G*(Py) G*(Pwm) G*(Psg) G*(Psg) G(P1g) G*(Prg)

1985 1.65 1.61 0.29 0.35 —0.09 -0.17
1986 1.78 1.79 0.41 0.51 0.04 —-0.10
1987 2.05 2.02 0.41 0.49 0.06 —0.06
1988 1.90 1.86 0.38 0.58 0.01 —0.08
1989 2.11 2.07 0.58 0.71 0.05 —0.00
1990 1.84 1.67 0.51 0.65 —0.02 —-0.12
1991 1.83 1.79 0.57 0.71 0.04 —0.02
average 1.88 1.83 045 0.57 0.01 —0.08
o 0.15 0.16 0.11 0.12 0.05 0.05

already predicted by Dutton and Johnson (1967),
in the lower troposphere in the extratropics of the
northern hemisphere (NH) in January. Here the
contribution to G*(Py) is strongly negative, while
the contribution to G°(P,,) is weakly positive.
Other main differences occur in the tropical middle
troposphere, where the contribution to G*(Py)
is much larger than the contribution to G¢(Py).
The difference between the contributions to
G?*(Py)and G*(P),) is relatively small in the lower
tropical troposphere, in the extratropical middle
troposphere, and in the upper troposphere and
stratosphere.

The value of G*(Py) in January is 2.29 W/m?,
which is accidentally the same as the exact value
(see Table 2). In July the value of G*(Py) is
1.83 W/m?, which is 3 % less than the exact value.
Also for individual months the difference between
the exact and approximate global averages is small
(less than 10%).

If the stability parameter y, (12b) is used in
stead of y,, then the values of G*(P),) are about
25% smaller. These smaller global averages are
due to a stronger negative contribution to G*(Py)
from the stratosphere, where y, is much larger
than y; . Experiments with y, (12a) gave almost
the same results as with y, . For most individual
months, however, the best approximation was
obtained with y, . Because y, occurs in the deriva-
tion of the approximate generation and also gives
the best approximation, y, is used in the rest of this
study.

3.1.3. Differences between G°(P,,) and G°(P,,):
explanation. We will firstly discuss the effect of
approximation I, p~ p(f(p)), on the difference
between G°(Pyy) and G*(Py) in the lower tropo-
sphere. As shown in Fig. 3 and explained in

Subsection 3.1.1, in the lower troposphere the
efficiency N is positive everywhere. From the
definition of N, (2), it follows that the signs of N
and p — p(0) are the same, so that in the lower
troposphere p— §(0) 1is positive everywhere.
As explained in Subsection 2.2.1, in the lower
troposphere the approximation p(B(p)) of p
(approximation IT) is smaller than p. Therefore
in the lower troposphere the approximation
BB(p))— p(8) of p— p(0) (see Subsection 2.2.1) is
smaller than p — p(8). The largest values of N and
p— bB(8) occur (see Fig. 3) at low latitudes. It
appears that equatorward of about 30° p — j(6) is
larger and poleward p— jp(6) is smaller than
p— b(B(p)). Therefore due to approximation I
in the lower troposphere at low latitudes both
p— () and F(B(p))— p(0) are positive but
B(O(p))— p(6) is smaller than p— j(0), where-
as at high latitudes p— p(6) is positive but
B(B(p)) — p(0) is negative. Consequently the effect
of approximation IT on the contribution to the
generation in the lower troposphere is a decrease
of this contribution from low latitudes, and a
change of sign of this contribution from high
latitudes. As explained in Subsection 2.2.1 this
effect is restricted to the generation of mean APE.

In the lower troposphere, particularly at high
latitudes, the magnitude of the approximation
(68(p)/dp)~" of dp(6)/66 (approximationIV) is
much larger than the magnitude of dp(6)/06
(see Subsection 2.2.2). Therefore at low latitudes
approximation II is partially cancelled by approx-
imation IV, so that here the difference between the
contributions to G°(Py) and G*(Py,) is relatively
small. At high latitudes, however, the negative con-
tribution to G*(P,;) due to approximation IT is
strongly amplified by approximation IV.

Tellus 46A (1994), 5
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In the middle troposphere between about 400
and 600 hPa the approximation F(8(p)) of p
(approximation II) is larger than p (see Subsec-
tion 2.2.1). Therefore here the approximation
BO(p))— p(B) of p— p(H) (see Subsection 2.2.1) is
larger than p — j5(6). The sign of p — p(0), which is
the same as the sign of N, is positive at low
latitudes. Therefore at low latitudes 5(8(p)) — p(0)
is also positive, and is larger than p— j(6). At
high latitudes p — p(8) is negative. At most high
latitudes the difference between p— p(6) and
BB(p))— p(B) appears to be small (ie., smaller
than 5(8(p)) — p). Therefore at most high latitudes
B(B(p))— p(0) is also negative, but less negative
than p — p(6).

Between about 400 and 600 hPa the magnitude
of the approximation (68(p)/dp)~" of dp(8)/é0
(approximation I'V) is larger than the magnitude
of 0p(0)/00 (see Subsection 2.2.2). Therefore at
low latitudes approximation II is amplified by
approximation IV, so that here the contribution to
G?(Py) i1s much larger than the contribution to
G°(Py). At high latitudes approximation II is
partially cancelled by approximation IV, so that
here the difference between the contributions to
G°(Py) and G?(Py,) is relatively small.

In the upper troposphere and stratosphere the
approximations II and IV are accurate. Therefore
here the difference between the contributions to
G°(Py) and G?*(Py,) is small.

3.2. The generation of stationary eddy available
potential energy

3.2.1. The exact generation of stationary eddy
APE (G°(Pgg)). The zonally averaged contribu-
tion to G°(Pgg) in January, shown in Fig. 6a, is
dominated by positive patterns in the lower and
upper troposphere. The positive contribution to
G°(Pgg) from the lower troposphere around 30°S
is due to positive N * and sensible heating (positive
g*) over the summer continents (not shown). In
the upper troposphere the contribution to G°(Pg)
in the tropics is dominated by positive N* and
the release of latent heat (positive g*) over the
eastern Pacific, whereas the positive contribution
to G°(Pge) from midlatitudes is mainly due to
negative N* and radiative cooling (negative g*)
over eastern Asia.

The zonally averaged contribution to G°(Pgg) in
July, shown in Fig. 7a, is dominated by positive
patterns around 30°N in the lower and upper

Tellus 46A (1994), 5

575

troposphere. In the lower troposphere the positive
values are dominated by positive N * and sensible
heating (positive g*) over the Sahara and the
Middle East (not shown). In the upper troposphere
the positive values are mainly due to positive N*
and the release of latent heat (positive ¢*) in the
monsoon region.

It follows from Figs. 6a and 7a that in most
regions the contribution to G°(Pgg) is positive.
The value of G*(Pgg) is 0.26 W/m? in January and
0.45 W/m? in July.

3.2.2. Differences between G*(Pgg) and G*(Pgg).
The zonally averaged contribution to the approx-
imate generation of stationary eddy APE,
G*(Pgg), is shown in Fig. 6b for January and in
Fig. 7b for July. The largest differences between the
contributions to G*(Pgg) and G°(Pgg) occur at
low levels in the extratropics of the NH, where
the contribution to G*(Pgg) is much larger than
the contribution to G°(Pgg). Unlike the signs
of the contributions to G*(Py,) and G°(Py), the
signs of the contributions to G*(Pgg) and G*(Pgg)
are the same in this region. This is because the
approximation II, which causes the different signs
of the contributions to G*(Py) and G°(Py)
from the extratropical lower troposphere (see
Subsection 3.1.3), does not affect the generation of
stationary eddy APE (see Subsection 2.2.1). The
main differences between the contributions to
G*(Psg) and G°(Pgg) can be understood from
approximation IV, 85(9)/60~ (68(p)/dp)™", which
in the lower troposphere amplifies the contribution
to the generation, particularly at the high latitudes
where 6 is small (see Subsection 3.1.3). In the
upper troposphere and stratosphere the differences
between the contributions to G*( Pgg) and G°(Pgg)
are small, because here the difference between
(89(p)/ap)~" and 0p(6)/00 is small.

Both in January and July the value of G*(Pgg) is
about 25% larger than the value of G°(Pgg) (see
Tables 2, 3).

3.3. The generation of transient eddy available
potential energy

3.3.1. The exact generation of transient eddy
APE (G°(Prg)). The zonally averaged contribu-
tions to G°(Prg) in January and July, shown
respectively in Figs. 8a and 9a, are dominated by
positive patterns in the middle troposphere at
midlatitudes. In the NH these patterns are mainly
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Fig. 6. Zonally averaged contribution to the exact (a) and the approximate (b) generation of stationary eddy available
potential energy in January. Contour interval: 10 x 10~® W m ~2 Pa~!; negative contours are dashed, zero contours
are thinned. Dense shading: more than 10 x 10~°* W m ~2 Pa~!; light shading: less than —10x 10 "W m 2 Pa .

due to the positive contributions from the Atlantic
and Pacific stormtracks (not shown). Negative
zonally averaged contributions to G*(Prg), which
are generally small, occur in most of the lower and
upper troposphere, and in the stratosphere.

Globally averaged, the positive and negative
values nearly cancel; the value of G°(Prg) is
0.01 W/m?, both in January and July. For
individual months its sign can be positive as well as
negative (see Tables 2, 3).

3.3.2. Differences between G*( P rg) and G*(P r).

The zonally averaged contribution to the approx-
imate generation of transient eddy APE, G*(Pg),
is shown in Fig. 8b for January and in Fig. 9b for
July. The largest differences between the contribu-
tions to G*(Pyg) and G°(Prg) occur, as for the
generation of stationary eddy APE, at low levels in
the extratropics. Here the contribution to G*(Prg)
is much stronger negative than the contribution
to G°(Prg). As for the generation of stationary
eddy APE, these differences can be understood
from approximation IV, 35(8)/36 ~ (88(p)/dp)~".
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Other large differences occur at midlatitudes
around 500 hPa, where the contribution to
G?(Prg)is larger than the contribution to G°(Pg).
A part of these differences is explained by
approximation IV. The differences, however, also
arise because at midlatitudes around 500 hPa the
value of p is smaller than the value of 5(6). There-
fore in this region the contribution to the genera-
tion is also increased by the approximation of 5(0)
in the denominator of (3) by p (approximation VI
in Subsection 2.1). The contribution to G*(Prg)
from the extratropical middle troposphere is
positive, because the release of latent heat, which
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in this region dominates the diabatic heating, is
positively correlated with temperature. The con-
tribution to G*(Prg) from the extratropical lower
troposphere is negative, because the flux of sen-
sible heat, which in this region dominates the
diabatic heating, tends to smooth temperature
variations. Both in January and July the estimated
contribution to G*(Pyg) agrees with the estimates
of [¢'T’] in the NH at 850 hPa by Saltzman
(1973).

Both for the January and July ensemble average,
the global average of G*( P1g) is, unlike the global
average of G°(Prg), negative (see Tables 2, 3).
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3.4. Sensitivity of the results to kind and period of
circulation data

The error in the computed generation is mainly
determined by the error in the computed residual
heating. The residual heating depends on the kind
of circulation data that is applied, e.g., initialised
analyses or first-guess data. It also depends,
particularly in the tropics (see Siegmund, 1993),
on the parameterized heating in the model that
provides the circulation data (in our case the

ECMWF model). During the period of the cir-
culation data used in this study the heating
parameterization in the ECMWF model under-
went several changes. We will now investigate
the effect of these changes, and of the kind of
circulation data that is applied, on the computed
generation.

A particularly large revision of the heating
parameterization in the ECMWF model was
implemented in May 1989. This revision consists
of a new radiation scheme, a new cumulus convec-
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Fig. 9. As Fig. 8, but for July.

tion scheme, and a revised gravity wave drag (see,
e.g., Hoskins et al., 1989). The main effects of these
changes on the parameterized heating in the
tropics (not shown) are more release of latent heat
in the upward branch and more radiative cooling
in the downward branch of the Hadley cell, and an
increase of the longitudinal variability of the
heating. Figs. 10a, b show the contributions to the
exact generation of mean APE before (July 1988)
and after (July 1989) the revision in May 1989.
As expected, the largest differences occur in the
tropics, where the contribution to the generation is
much larger in July 1989 than in July 1988. The
computed globally averaged generation of mean
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APE is hardly affected by the model changes (see
Table 3), because of cancellation of positive and
negative changes in local contributions. The com-
puted globally averaged generation of stationary
eddy APE, however, strongly increases after May
1989 (in the exact formulation from 0.19-0.25
W/m? before to 0.27-0.32 W/m? after May 1989
for January, and from 0.29-041W/m? to
0.51-0.58 W/m? for July, see Tables 2 and 3). This
is because the computed §*, which magnitude
increases after May 1989, is positively correlated
with N *. The computed globally averaged genera-
tion of transient eddy APE does not notably
change after May 1989.
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We investigated the sensitivity of the results to
the kind of circulation data, by computing for one
month (January 1990) the approximate generation
from both initialised analyses and first-guess data.
The values of G*(Py), G*(Pgg), and G*(Prg),
computed from first-guess data, are 2.41, 0.47, and
0.14 W/m?, respectively; the difference of these
results with the values computed from initialised
analyses (shown in Table 2) are 0.00, 0.02, and
0.11 W/m?2. Thus particularly the generation of
transient eddy APE is sensitive to the kind of
circulation data that is applied.

4. Conclusions

In this paper, the contributions from different
parts of the atmosphere to the generation of
available potential energy according to Lorenz’
(1955a, b) exact and approximate equations are
investigated in the space time domain. The main
differences between the local contributions to the
exact and approximate generation are explained.
The generation is determined from the fields of
diabatic heating and temperature. The diabatic
heating is computed as a residual in the thermo-
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dynamic energy equation, using initialised
analyses from ECMWF for the January months of
1986-1992 and the July months of 1985-1992.

For several parts of the atmosphere the dif-
ference between the contributions to the exact and
approximate generation is large. The largest dif-
ferences occur in the extratropics near the surface.
We have shown that the main differences between
the exact and approximate generation are due to
the approximation p= ﬁ(@(p)) and the related
approximation 0p(68)/00 = (60(p)/ap)~" (see Sub-
section 2.1) that were used by Lorenz (1955b)
in his derivatation of the equations for the
approximate available potential energy and its
generation.

Despite these large differences between the local
contributions to the exact and approximate
generation, the difference between the globally
averaged exact and approximate generation of
total (zonal- and time-mean plus stationary and
transient eddy) APE is very small (less than 1%).
This small difference is due to cancellation of
positive and negative differences between the
local contributions to the exact and approxi-
mate generation. The differences for the globally
averaged generation of mean APE are about 2%.
The globally averaged exact and approximate
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generation of stationary eddy APE are positive,
both in January and July, and differ about 25%.
The globally averaged exact generation of trans-
ient eddy APE is positive, both in January and
July, while the approximate values are negative.
The difference between these exact and approxi-
mate values is about 0.10 W/m?.

The estimated globally averaged generation of
mean APE does not notably depend on the period
of the circulation data nor on the kind of circula-
tion data, and is therefore a good estimate of
the real value. The corresponding stationary eddy
estimate is about 0.1 W/m? larger after May 1989
than before, and the corresponding transient eddy
estimate varies about 0.1 W/m? for different kinds
of circulation data.
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