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ABSTRACT

Northern Hemispheric twice daily data from the First GARP Global Experiment (FGGE) year
are used to compare available potential energy estimates obtained using the so-called exact
(isentropic) form of the equations with two commonly used approximate (isobaric) forms. The
two approximate forms, one using a fixed lapse rate and the other a lapse rate which varies in the
vertical, overestimate the total available potential energy except in mid-summer.

The greatest difference between the exact and approximate forms is in the eddy term, which is
considerably smaller in the approximate forms, especially in spring and summer. Partitioning the
eddy term into its standing and transient components shows that in the exact form the standing
component exceeds the transient term. This is in contrast to the approximate form in which the
transient term is the larger in every month except July. The latitudinal and monthly variations of
the standing and transient terms show different patterns, especially in the standing component.
In the approximate form the latitude of maximum standing eddy values is near 60° N in winter
but shifts equatorward to about 30° N and decreases in summer. While the exact form shows a
weak winter maximum near 60° N, the dominant maximum develops near 20° N in spring and
shifts poleward to about 30° N and increases in summer.

The hemispheric distribution of the vertically integrated grid point values from which the eddy
available potential energy was calculated and the standard deviation of these twice daily values
produce results which show that the exact form values better conform to the pattern of cyclone
activity than the approximate form. In general, the results indicate that the exact form of the

available potential energy equations should be more extensively used in diagnostic work.

1. Introduction

It has been long recognized that the atmos-
phere’s kinetic energy is obtained from its vast
reservoir of gravitational potential and internal
energies, the sum of which is commonly called the
total potential energy. Because only a very small
portion of the total potential energy can be
converted to kinetic energy, it is highly desirable to
separate that portion which can become kinetic
energy from that which cannot.

Lorenz (1955a, 1967) defined available potential
energy as the difference between the total potential
energies of some initial atmospheric state and a
reference state achieved through an adiabatic
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redistribution of mass to a horizontally stratified,
statically stable state. In his formulation Lorenz
(1955a, 1967) initially used an isentropic frame-
work, but then noted that because most meteor-
ologists think in terms of pressure as a vertical
coordinate rather than potential temperature, there
is an advantage in expressing the results in an
isobaric framework. To do so he assumed that
isentropic and isobaric surfaces do not differ
greatly in their inclination to the horizontal. He
noted that although the isobaric approximate form
is convenient in interpreting the concept of avail-
able potential energy, future theoretical work
should employ the exact form (i.e., isentropic
formulation). Since Lorenz (1955a) most diagnostic
studies have employed the approximate for-
mulation. In fact all of the studies involving
hemispheric or global calculations of the amounts
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of available potential energy have employed some
type of approximate form. It has also become the
basis of the description of the energy cycle in
quasi-geostrophic theory (Holton, 1979). For
estimates using the approximate form see, for
example, Oort (1964), Oort and Peixoto (1974),
Peixoto and Oort (1974), Oort and Peixoto (1976).
Newell er al. (1974) used a somewhat different
version of the approximate form in their global
study of the amount of available potential energy.

The work of Dutton and Johnson (1967)
brought renewed attention to the available potential
energy equations in their so-called exact (isen-
tropic) form, although Lorenz (1955b) in an earlier,
less known work had maintained the equations in
their exact formulation. Smith (1969) employing
pressure coordinates also obtained an exact form.
Recently Lorenz (1978) introduced the concept of
moist available energy in which latent heat is
included. However, in this paper our focus is on the
more traditional “dry” available potential energy,
which henceforth will be referred to as APE.

With respect to calculations involving the exact
form, Dutton and Johnson (1967) estimated APE
along the 75° W meridian for one year, while Smith
and Horn (1969) used the exact form in pressure
coordinates to estimate the contribution of APE
over North America to the global APE for one
month. Other studies using the exact form have
examined the climatological generation of avail-
able potential energy in limited areas. Min and
Horn (1974) and Rose (1976) estimated the
generation due to sensible and latent heating,
respectively for the east coasts of North America
and Asia. Still others have studied the generation in
storm volumes (Hahn and Horn, 1969; Johnson,
1970; Gall and Johnson, 1971; Bullock and
Johnson, 1971, 1972; Wei, 1979). None have dealt
with hemispheric or global domains.

In this paper, the available potential energy is
calculated for the Northern Hemisphere using the
exact isentropic form. Twice daily values are
calculated for the period of the First GARP Global
Experiment (FGGE) year 1 December 1978-30
November 1979. As in most previous studies, the
APE is partitioned into its zonal and eddy parts.
The eddy APE is further partitioned into standing
and transient components. Also the geographical
distribution of the vertically integrated grid point
data used to calculate the eddy APE is related to
observed cyclone activity.
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The hemispheric results obtained using the exact
form are compared with estimates based on two
versions of the approximate form. One version
employs the fixed static stability of the standard
atmosphere, while the second allows the static
stability to vary vertically in 50 mb increments. The
comparisons reveal rather striking differences
between estimates based on the approximate and
exact forms. The differences involve the amounts of
both the zonal and eddy APE, their seasonal trends
and their geographical distributions.

2. The data set

In order to compare available potential energy
estimates obtained using the approximate and exact
forms of the equations over the Northern Hemis-
phere, it is important to use a data set that provides
the most complete hemispheric coverage possible
and is of excellent quality. Gridded data sets
prepared twice daily by the National Meteoro-
logical Center (NMC) of the U.S. National
Weather Service were used. In September 1978, in
preparation for the FGGE year, NMC switched
from the Hough spectral analysis (Flattery, 1970)
to optimum interpolation (Bergman, 1978, 1979;
McPherson et al., 1979). An improvement in
certain characteristics of the NMC gridded data
apparently occurred at this time. Townsend (1980),
who conducted a diagnostic study of the zonally
averaged circulation, found that the NMC gridded
data prior to September 1978 contained numerous
superadiabatic layers and zonally averaged meri-
dional winds which were virtually zero at all
latitudes and all elevations. However, following the
switch to optimum interpolation he noted a marked
reduction in the number of superadiabatic layers
and obtained zonally averaged winds which con-
tained ageostrophic components. Consequently, he
used the NMC gridded data for the FGGE year.
This same basic data set is used for the available
potential energy calculations of this study.

The FGGE level IIla data set extends from
December 1, 1978 through November 30, 1979.
Because of the international effort made during the
FGGE year to obtain a superior data set, the data
used here were the best available at the time of the
initiation of this study. These data were derived
from a heterogeneous observing system (Fleming et
al., 1979a, b) using a global data assimilation
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system based on the method of optimum inter-
polation (McPherson et al., 1979; Bergman, 1979).
The data were available at 0000 and 1200 GMT on
a 2.5° latitude-longitude grid for 12 mandatory
levels. Of the 730 possible observation periods, 703
were available from NMC. However, in this study
two additional time periods were eliminated
because of suspect data, reducing the data sample
to 701 time periods.

The hemispheric isentropic data were generated
by Townsend (1980) through vertical interpolation
of the mandatory level isobaric data to isentropic
surfaces using an algorithm developed by Thomas
Whittaker of the University of Wisconsin (1970,
personal communication). In this algorithm press-
ure and all other parameters are assumed to vary
linearly with §"*,

A total of 16 isentropic levels with a 10 K
vertical resolution were obtained starting from as
low as 220 K and extending to at least 370 K. A
horizontal resolution consisting of a 5° latitude—
longitude grid was used. Before these vertical and
horizontal resolutions were chosen, test cal-
culations of the hemispheric available potential
energy using different resolutions were made for
one time period. The results are shown in Table 1.
Note that a decrease in horizontal resolution from a
2.5° to 5° |latitude—longitude grid produced
practically no differences in the APE. On the other
hand, decreasing the vertical resolution from 5 K to
10 K resulted in slightly larger APE values,
particularly the zonal available potential energy.

Note, however that there was very little change in
the eddy available potential energy. It was decided

Table 1. An example from 0000 GMT January 1,
1979 of calculations of APE using the exact
isentropic form with different horizontal and
vertical resolutions. D is the percentage difference.
Units: 10° J m—2

Resolution A 4, A
Horizontal 2.5° 54.4 343 20.2
lat.—long.
(vertical 10 K) 5.0° 54.6 342 204
lat.—long.
D (%) 04 -03 1.0
Vertical 5K 51.3 31.2 200
(horizontal 10K 54.4 342 20.2
2.5°)
D (%) 5.7 8.8 1.0
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to employ the 10 K resolution because of sub-
stantial savings in computing costs and because of
the fact that the 10 K interval produced 16
isentropic levels from a total of 12 isobaric levels.
To obtain 33 isentropic levels (5 K interval) from
12 isobaric levels would have been somewhat
unrealistic.

3. Equations and computational methods

3.1. Equations of APE in exact form

Lorenz (1955a) defined available potential
energy as the difference between the total potential
energy in an initial state and a reference state which
is achieved through an adiabatic redistribution of
mass to a horizontally invariant, statically stable
state. In the initial state the total potential energy
for the hemisphere is denoted II,, and in the
reference state IT.,. Thus the available potential
energy (A4) per unit area is

A=T1, -, n

Lorenz partitioned 4 into zonal and eddy parts,
where the zonal part (4,) and eddy part (4;) are
given by

Az =T, — gy 2)
Ay =T, — g, (3

where Il is the total potential energy within the
zonal reference state. Theoretically the total poten-
tial energy in the exact form employs an integral
extending from 6§ = 0 to infinity. However, it is
impossible in practice to integrate using these
limits. Therefore, in this study upper and lower
boundary integral limits were used.

The total potential energy per unit area can be
expressed as

cp 1 61
My=—2%>— — f p't*deds
grie(l+x) S [Js Jo,

+ f (Hsp;“ — Htpt”")dS], )
S

where c, is specific heat at constant pressure, g is
gravitational acceleration, x is the ratio of the gas
constant (R ) to ¢,, pe is 1000 mb, p is pressure, ¢
is potential temperature and S is hemispheric
surface area and dS = a? cos ¢ d4 d¢, where a is
the radius of the earth, ¢ is latitude, 4 is longitude.
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The s subscript denotes a value at the earth’s
surface and the t subscript denotes a value at the
top of the volume of atmosphere. Likewise, the
total potential energy in the hemispheric reference
state is

¢ 1 R H Lx 4O dS
n,, =——  —————— ff *ddd
M s+ ) S [ s

+ f (enuspfz}i? BRHlp:lJ}r{’(c)dS}- %
s

While 0,,,, is set equal to 6, 8y, is not necessarily
equal to 6, at a given point after the adiabatic
redistribution of mass. Therefore, I1,; and Il,, are
computed separately. The hemispheric APE per
unit area is then found using (1).

The total potential energy for the zonal refer-
ence state (I1,,) is obtained using eq. (5) but with
the ppy and 6, values replaced with py, and 8,
which represent values within 5° zonal rings.
Values of the total, zonal and eddy APE can be
obtained by substituting IT,, IT,,, and I1,, into egs.
(1) through (3).

The above equations require the evaluation of
both a hemispheric reference pressure (pg,) and a
zonal reference pressure (pg,). For this study
lower and upper boundary limits of 220 K and 370
K were used. The 370 K isentropic surface is
usually near 150 mb, which is at about the level
where the isentropic surfaces are quasi-horizontal.
The reference pressures were calculated for 10 K
intervals between 220 and 370 K, with the
hemispheric (pg,) and zonal (pg,) reference
pressures calculated separately. In the free atmos-
phere where isentropic surfaces do not intersect the
ground, the reference pressure is the area averaged
pressure on a § surface. However, nearer the earth’s
surface the effects of surface topography must be
considered in obtaining reference pressures. In this
study, an iterative method developed by Koehler
(1979) was used. Koehler’s method, although
derived independently, is similar to that proposed
by Taylor (1979). The method begins by calculating
the area average pressure on each 8 surface between
6, and 6, the minimum surface 6 value. These
average pressures are then compared to the lowest
observed surface pressure (pg,;,). On all g surfaces
which do not intersect the ground, the reference
pressure is set equal to the average pressure. On
the remaining @ surfaces which intersect the
ground, the iterative approach is employed.
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It is instructive to partition the exact form of A
into its standing and transient parts. Since twice
daily APE values were computed in this study, the
transient component of eddy APE (ZE") may be
defined as

(6)

where the overbar represents a monthly mean.
Thus A, is the monthly mean of the twice daily
values of 4. The subscripts tr and st represent the
transient and standing components, respectively.
A, is given by

A =T

ZE" =ZE - 2Es(

w— Mgz @)

In common meteorological parameters the standing
component of the eddy APE is given by

— (o 1 6 _
Agy=———— ff p'tcddds
grs(1 +x) § |Js o,

+ f (B, pL+e— 0.p1+x) dS]
S

f f ‘Flix dg dS
gpw(l + K) S o

RZs

®

+ [ Guatiz- ﬁmﬁmds]
N

The computations for the standing terms were
conducted using monthly mean surface pressure
(p,), and surface potential temperature (6,).

3.2. Equations of APE in approximate form

The hemispheric results obtained using the exact
form of the APE equations described in the
previous section will be compared with the approxi-
mate form. Following Lorenz (1955a, 1967) the
approximate form of the APE equations in
isobaric coordinates are

. le 1
_ r«r _r’*—l T—l TIIZ S
Azgssjp{du ) ldpd
9)
i —__P _ 1 "2 ds
4, ngff Iy, — O T (T1"2)dp
(10)
. lec, 1
AE=E—g—p?LJ;{I‘d(Fd—f‘)“T“T"}dpdS
(1
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where the is used here to distinguish the
approximate form from the exact form, I is the
dry adiabatic lapse rate, I' is the hemispheric
average of " on an isobaric surface, T is the
average of T on an isobaric surface, (7] is the
zonally averaged temperature on an isobaric
surface and T* is the deviation of temperature from
its zonal mean. Thus T* = T — [T] represents the
temperature deviation from its zonal mean. Like-
wise T" = T — T'is the temperature deviation from
the hemispheric mean, and [T)" = [T] — T'is the
temperature deviation of a zonal mean temper-
ature from the hemispheric mean. Thus A, is
determined by the variance of zonally averaged
temperature and /TE by the variance of temper-
ature within zonal rings. It should be emphasized
that all the variables are calculated on isobaric
surfaces. In this study the caiculations extended
vertically to the 150 mb surface which is near the
370 K surface used in the exact form calculations.

Using the approximate form of the equation, the
standing and transient components of A, are
calculated in a manner similar to (6). The standing
and transient 4 are expressed as

Ago =4, — Ay, (12)

where

i-lo! J' T3 dpds (13)
==—-2—| | yT*dp

) g SJs/y .

Fi T*1dpdS 14
Apy = > p Sffy p (14)

where y= T (I, — [)' T-L

4. Hemispheric estimates using the exact
and approximate forms

Because a major goal of this investigation is to
intensively examine the Northern Hemisphere
supply of APE during the FGGE year, it is logical
to begin by comparing the hemispheric results
obtained using the two versions of the approximate
form with those achieved from the exact form. In
calculating the approximate form, the lapse rate
was calculated in two ways: (1) a fixed lapse rate of
the standard atmosphere (6.5°C km~') and (2) a
variable lapse rate which is allowed to vary
between 50 mb increments of pressure. (However,
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note that a hemispheric mean value is used within
each 50 mb increment.) Hereafter, the two versions
of the approximate form will be referred to as the
fixed approximate and wvariable approximate
forms, respectively.

By employing the same data in calculating both
the exact and approximate forms, any ambiguity
which may arise in comparing results from differ-
ent periods or areas is avoided. While most
attention is given to intercomparisons based on the
FGGE data calculations of this study, compar-
isons with results obtained by investigators using
the approximate form for different data periods will
also be briefly discussed.

4.1. Time series of twice daily values of APE

Twice daily values of total, zonal and eddy APE
estimated using the FGGE level Illa data from
December 1, 1978 through November 30, 1979 are
presented in Fig. 1. The estimates were obtained
using the two versions of the approximate form and
the exact form. The fixed approximate APE,
presented in Fig. 1a, has the largest total and zonal
values of the three forms. Its seasonal trend is
almost entirely determined by the zonal APE (4,).
The variable approximate form (Fig. 1b) shows a
similar trend but with the magnitudes of 4 and 4,
about 20% smaller than the fixed approximate
form in the winter and about the same magnitude in
summer. The exact form (Fig. 1c) exhibits smaller
values of the total APE than either of the
approximate forms except in mid-summer when it
is about equal or slightly larger. These relative sizes
and seasonal trends of total APE are similar to
those obtained by Dutton and Johnson (1967), who
used data from only the 75th meridian. Although
Dutton and Johnson argued that the approximate
forms overestimate the total APE through most of
the year, there was some question as to whether the
75th meridian was representative of the entire
Northern Hemisphere. The hemispheric results for
the total APE shown in Fig. | support their
argument.

The sharp contrasts presented in Fig. 1 occur in
the eddy terms. Both approximate forms have
relatively small eddy values with a tendency for the
winter values to slightly exceed the summer values.
On the other hand, the exact form (Fig. lc) has
eddy values that are nearly twice those of the
approximate form, with the largest values in late
spring and summer, not winter. While in the
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Fig. 1. Time series of twice daily APE values. Total (solid), zonal (dash-dot) and eddy (dash). (a) Fixed lapse rate
approximate form. (b) Variable lapse rate approximate form. (c) Exact form. Units: 10° ] m™?

approximate forms the eddy values are less than
the zonal values throughout the year, in the exact
form the eddy term exceeds the zonal term from
May through September. In mid-summer the zonal
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term is very small. Peixoto and Oort (1974), using
the approximate form with a variable lapse rate,
note that the ratio of eddy APE to zonal APE is
significantly larger in summer than winter (e.g. 0.19
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in January versus 0.43 in July). In the exact form a
similar but more dramatic trend exists (e.g. 0.50 in
winter to about 4.0 in mid-summer).

Recall that the time series presented in Fig. 1 are
based on twice daily data (0000 and 1200 GMT).
A close inspection of the curves in this figure shows
a tendency for a diurnal variation of APE which is
most apparent in the exact form total APE from
early April into mid-summer. The 1200 GMT
values are larger than the 0000 GMT values. An
examination of the APE calculated for various
quadrants showed that nearly all of the contribution
to the larger 1200 GMT values was provided by
the large land masses, especially southern Asia
and northern Africa during spring and summer.
In these regions during this time of year the sun is
high in the sky at 1200 GMT which favours warm
surface temperatures and weak static stability.

The tendency for a greater diurnal variation in
the exact form reflects a greater sensitivity of the
exact form compared with the approximate forms.
This greater sensitivity offers a major clue as to why
the approximate and exact form results differ sig-
nificantly. In the approximate form with a variable
lapse rate, the lapse rate is allowed to vary from
one 50 mb layer to another; however, hemispheric
means of the lapse rate in each layer are used (e.g.,
the lapse rate used in the 950-900 mb iayer is the
same at 80°N latitude as at 20°N). In contrast,
the exact (isentropic) form values are calculated at
each grid point using the data at that grid point.
The fact that the fixed lapse rate approximate form
differs from the exact form even more than does the
variable lapse rate form further suggests the
significance of static stability in APE calculations.
While vertical variation of the lapse rate brings this
approximate form closer to the exact form, the
hemispheric wide averaging probably robs it of the
needed sensitivity to static stability variations.

In the approximate form the lack of sensitivity to
static stability is probably most significant in the
lower troposphere (below 700 mb) and also at high
elevations (in this study between 250 and 150 mb).
For example, in the first case, the winter lapse rate
over the continental arctic and frozen Arctic Ocean
commonly consists of an inversion from the surface
to above 800 mb, while at the same time in the
continental tropics the lapse rate in this layer is
likely to be conditionally stable. The problem at high
elevations results from the fact that in the tropical
atmosphere the 250—150 mb layer is in the upper
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troposphere, where the lapse rate is only slightly
less than dry adiabatic, while in polar regions the
layer is in the lower stratosphere where the lapse
rate is isothermal or less. Consequently, the
stability factor which represents a mean of these
diverse conditions is neither representative of the
high tropical nor high polar atmosphere. When it is
used in eqs. (9—11) to multiply the temperature
variances in these regions, a bias is assured. At high
elevations the problem is compounded by the fact
that the temperature gradient above 200 or 250 mb
reverses between winter and summer.

4.2, Representativeness of the FGGE year

A question can be raised regarding the represen-
tativeness of the FGGE year. Perhaps monthly
means obtained from several years of data as was
done by Oort and Peixoto (1976) would be
advantageous in revealing the characteristics of the
Northern Hemisphere APE. However, an exam-
ination of Table 1 of their study shows only
relatively small year to year changes within their 5
year period. Further insight into the represen-
tativeness of the FGGE year results is presented
in Table 2 which compares the 5 year mean
monthly estimates of Peixoto and Oort (1974) with
those obtained here. Both sets of values shown in
Table 2 were achieved using the approximate form
with a variable lapse rate. Considering the different
data periods, the results from the two studies are
quite similar. The slightly larger values obtained by

Table 2. Comparisons of APE (approximate form,
variable lapse rate) obtained in this study using
FGGE year data with the five year means (in
parentheses) obtained by Peixoto and Oort (1974).
Units 10° Jm™?

4 4, A
December 57.2(63.0) 49.3(53.7) 8.0(9.3)
January 61.6 (66.3) 52.5(55.8) 9.0(10.5)
February 62.6 (65.9) 549 (56.4) 17.7(9.5)
March 55.8(61.9) 49.2(53.6) 6.6(8.2)
April 49.6 (49.3) 43.3(424) 6.3(6.9
May 36.6 (36.8) 31.0(30.3) 5.6(6.5)
June 24.5(24.7) 19.0(18.8) 5.4(5.9)
July 17.7(i18.6) 12.8(13.0) 4.9(5.6)
August 20.3(20.1) 15.5(15.0) 4.8(5.1)
September 27.7(29.4) 23.5(23.8) 4.2(5.6)
October 40.0 (42.0) 34.8(35.00 5.1(6.9
November 51.1(54.9) 43.7(46.3) 7.4(8.6)
Average 42.1(44.4) 358(37.0) 6.3(74)
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Fig. 2. Northern Hemisphere eddy APE (solid) par-
titioned into standing eddy (dash-dot) and transient
eddy (dash). (a) Variable approximate form. (b) Exact
form. Units 10°J m~2

Peixoto and Oort probably reflect the fact that their
isobaric calculations extended to S0 mb, while ours
only extend to 150 mb. The contribution from the
150-50 mb layer is usually relatively small thus
probably accounting for the only slightly larger
values obtained by Peixoto and Oort.

4.3. Standing and transient components of eddy
APE

Further insight into the basic differences between
the approximate and exact forms of the eddy APE
was achieved by partitioning the term into its
standing and transient components using eqs. (6—8)
and (12-14). This partitioning is similar to that
done by Peixoto and Oort (1974). Monthly means
calculated from the twice daily values are shown in
Fig. 2. Not only is A, (exact form) considerably
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533

larger than /iE (approximate form) but the
relative magnitudes of the standing and
transient components are reversed. In the
variable approximate form (Fig. 2a) the transient
component slightly exceeds the standing com-
ponent in every month except July. This is in
qualitative agreement with the results of Peixoto
and Oort (1974) who obtained monthly mean
transient terms which exceed the standing terms for
every month of the year. In contrast to the variable
approximate form, the exact form yields standing
eddy components which exceed the transient values
for all months, with the largest differences in
summer (Fig. 2b).

To better interpret the behaviour of the standing
and transient components of eddy APE, graphs
showing these components as a function of time
and latitude were prepared for both the variable
approximate and exact forms. Contributions from
each zonal ring (weighted for the area of the ring)
were plotted for each month. In the approximate
form (Fig. 3a), the main contribution of the
standing eddy term comes from the region between
55° and 65° N in winter but shifts equatorward to
near 30°N in summer. The heavy line is drawn
through regions of maximum contribution. Not
only is there a southward shift in regions of
maximum contribution, but the values decrease
from about 13 x 10°J m~? in winter to 5 x 10%)
m~? in summer. This equatorward shift of the
primary contribution might be interpreted as
reflecting the larger east—west temperature con-
trasts between oceans and continents in higher
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Fig. 3. Standing eddy APE as a function of month and latitude. Heavy dashed lines drawn through zones of
maximum values. (a) Variable approximate form. (b) Exact form. Units 10° J m~2. Note in (b) isopleths are drawn for
only 5 x 10° J m~? intervals, except a 17.5 x 10° J m~2 isopleth (dotted) is added to better reveal the northern

maximum.
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latitudes in winter, but in the subtropics in summer.
However, by summer the contrasts have weakened.

The graph showing the exact form of the
standing eddy APE as a function of latitude and
month (Fig. 3b) provides a significantly different
pattern from that for the approximate form. In
winter the largest standing eddy values are located
at 55-65°N, near their position in the approxi-
mate form, but with the exact form maximum less
pronounced. There is also an indication of a weaker
secondary winter maximum near 20°N. During
spring and summer this southern maximum
becomes strongly dominant, with the largest
standing eddy values shifting poleward to about
30°N and increasing to 25 x 10° J m~2 by early
summer. This maximum is five times greater than
the summer values for the approximate form and
twice as large as the winter maximum of the
approximate form. The heavy dashed lines on Fig.
3b approximately describe the seasonal shifting of
the zones of the two maxima. While the northern
maximum, which has characteristics similar to that
of the approximate form, is evident during the
cooler seasons, it is the southern maximum which is
clearly dominant through most of the year.

The pattern displayed in Fig. 3b can be explained
in terms of continent—ocean contrasts. As in the
case of the approximate form (Fig. 3a), the winter
maximum, although not pronounced, probably
reflects the east-west contrast between cold con-
tinents and warmer subpolar oceans. In the case of
the southern maximum, its poleward shift and
intensification likely result from the northward
movement of the sun. As spring and summer
approach the thermal contrast between the sub-
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tropical continents and oceans increases, par-
ticularly at the surface and in the low troposphere.
At the same time static stability over the con-
tinents weakens considerably while the stability
over the oceans experiences a much smaller
change. These factors, of course, are consistent
with the development of the monsoon circulations
in the subtropics.

The transient eddy component as a function of
latitude and month is shown in Fig. 4. In the
approximate form, slightly larger values occur in
winter than in summer, as would be expected (Fig.
4a). The zone of maximum contribution is between
50° and 55°N in winter shifting to 55°—60° N in
mid-summer. The exact form results displayed in
Fig. 4b show values which are generally somewhat
larger than the approximate form in middle and
high latitudes and considerably larger in low
latitudes. In the exact form the zone of maximum
contribution shifts southward from 40-45°N in
early winter to 35-40° N in late winter and early
spring and then poleward to 50°-55°N in sum-
mer. It is interesting to note that the maximum
contributions from the exact form are located
farther south than those from the approximate
form and are thus located more closely to the zones
of maximum cyclogenesis as found by Whittaker
and Horn (1981) for North America and by Klein
(1957) for the Northern Hemisphere. (Also see Fig.
3.11 in Palmen and Newton (1969) which includes
some of Klein’s data.) In late winter and early
spring, a time of most frequent cyclogenesis, the
latitudes of maximum transient eddy APE (exact
form) and cyclogenesis nearly coincide. However,
at other times of the FGGE year the maximum

e i 90°
] 50 ; 75 e 3
8¢ / 28 50 i : 80°

LATITUDE (DEGREES NORTH)

N T
W v 3 & & & &°

MONTH (1979)

Fig. 4. Transient eddy APE as a function of month and latitude. Heavy dashed lines drawn through zones of
maximum values. (a) Variable approximate form. (b) Exact form. Units 10°J m~2
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values of transient APE were located somewhat
farther north than the long term values of most
frequent Northern Hemisphere cyclogenesis.
Nevertheless, the fact that the exact form transient
eddy APE agrees better than the approximate form
with the latitudes of maximum cyclogenesis provides
support for use of the exact form in studies which
relate cyclone activity to available potential energy.

4.4. Geographical distribution of hemispheric grid
point data and their standard deviations

Although APE determinations require inte-
gration over an area (APE is not defined at
individual grid points), and examination of the
distribution of the grid point values offers additio-
nal insight into the differences between the approxi-
mate and exact forms of APE. in this study maps
were prepared showing the winter season (DJF)
geographical distributions of the vertically inte-
grated grid point values from which the eddy APE
was calculated. Because vertical integration was
employed the values were expressed in specific
units (J kg~!). This was necessary because in the
approximate form the mass between 1000 and 150
mb is fixed, but in the exact form the mass between
6, and 6, can vary from point to point. In viewing
Fig. Sa it should be kept in mind that because the
approximate form is calculated using the quadratic
of temperature deviations, all grid point values will
be positive (or zero). On the other hand, as shown
in Fig. 5b, the exact form grid point values can be
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either positive or negative although their integral
within a zonal ring is positive.

The distribution of grid point values for the
variable lapse rate approximate form (Fig. 5a)
shows a maximum over northeastern Asia, reflect-
ing the large departures {cold) of the temperature in
this region from the zonal mean. A secondary
maximum is located over the Greenland—Iceland
area with other maxima located in northeastern
North America and the Alaskan regions. The exact
form distributions shown in Fig. 5b are quite
different from those of the approximate form.
There are both positive and negative grid point
values with the negative values found in regions
where the isentropic surfaces are at low pressure
(i.e., high elevation) and the positive values at high
pressure (i.e., lower elevation) with respect to the
zonal reference pressure. Considering only a zonal
ring, the air parcels with negative values (relatively
cold) would sink, while those with positive values
(relatively warm) would rise in moving toward the
reference state of the zonal ring. It is interesting
that the center of negative values in Fig. 5b is
displaced southeastward from the center noted in
the approximate representation. This more south-
easterly location is closer to both the cyclogenetic
area off the east coast of Asia and the mean
position of the Aleutian low. A second area of
negative values is located over northeastern North
America in a position similar to one of the maxima
in the approximate form.

Approximate

Fig. 5. Distribution of grid point values (10? J kg™') from eddy APE calculation for winter (DJF). (a) Variable

approximate form. (b) Exact form.
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Approximate
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Fig. 6. Distribution of the standard deviations (10% J kg~') of the twice daily grid point values for winter (DJF). (a)

Variable approximate form. (b) Exact form.

While the distributions of the grid point values of
which the eddy APE is composed are of interest,
the standard deviations of these twice daily values
are of equal or greater interest. At a grid point the
vertically integrated values fluctuate from day-
to-day as cyclones move through the area. Thus the
areas of larger standard deviations should more-
or-less reveal the location of cyclone tracks.
Consequently, we have superimposed the primary
and secondary cyclone tracks for the FGGE year
winter season (DJF) on the standard deviation
fields (Fig. 6). The cyclone tracks were determined
independently by Linda M. Whittaker (1981,
personal communication) who was unfamiliar with
the distribution of eddy APE grid point data and
their standard deviations. In examining Fig. 6 it
should be noted that much larger standard
deviations occur in the exact form data than in the
approximate form. Because it is quadratic in
temperature, the approximate form grid point
values are all positive; however, in the exact form
the values range from large negative to large
positive. Thus standard deviations calculated from
the twice daily values should be much larger for the
exact form data than for the approximate form.

In the approximate form (Fig. 6a) the maximum
standard deviation is over the Greenland-Iceland
area with a close secondary maximum over Siberia
in the same location as the region of maximum grid
point values of Fig. 5a. In contrast, the maximum

standard deviation in the exact form is much larger
and is located off the northeastern coast of North
America with a secondary maximum positioned
over the North Pacific near the southwestern
Aleutian Islands (Fig. 6b). Both of these centers are
located downstream from the centers of maximum
eddy APE grid point data shown in Fig. 5b. An
examination of the cyclone tracks superimposed on
Fig. 6 shows a remarkably close relationship
between cyclone tracks and the maximum stand-
ard deviations of grid point data obtained from the
exact form (Fig. 6b), but a poor relationship
between cyclone tracks and standard deviations
obtained from the approximate form (Fig. 6a).
Certainly, the results displayed in Fig. 6 add
support for use of the exact form of APE when
studying cyclone activity.

5. Summary and suggestions for future
work

In this study, FGGE year data (December
1978—November 1979) were used to study the
available potential energy over the Northern
Hemisphere. Hemispheric values were obtained
using two approximate forms (fixed and variable
lapse rates in an isobaric framework) and the exact
form in an isentropic framework. The available
potential energy was partitioned into zonal and

Tellus 34 (1982), 6
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eddy parts, and the results expressed in time series
of twice-daily values (0000 GMT and 1200 GMT).
The eddy APE was divided into its standing and
transient components. Additionally, the geo-
graphical distribution of the vertically integrated
grid point values from which eddy APE was
calculated and their standard deviations were
examined. The following major results were
obtained:

(1) Comparisons between the approximate and
exact forms of the total APE calculations gave
significantly different hemispheric results. The
approximate forms, especially the form using a
fixed lapse rate, significantly overestimated the total
APE, except in mid-summer.

(2) The most striking difference between the
approximate and exact forms was in the eddy APE
values. Although the approximate form yields
larger values of the total APE than the exact form,
the eddy values from the exact form are about two
to three times larger than those from the approxi-
mate form. While the approximate form of eddy
APE shows a small seasonal variation with minimum
values in summer, the exact form exhibits its largest
eddy APE values in late spring and summer. This
probably results from the strong land—ocean
contrasts in the subtropics during these seasons of
high sun and the greater sensitivity of the exact
form to static stability. These larger late spring and
summer eddy APE values are likely related to
monsoon activity.

(3) A breakdown of the eddy APE into its
standing and transient components produces very
different results for the approximate and exact
forms. In the approximate form, the transient eddy
APE exceeds the standing eddy APE for all months
except July. In contrast, in the exact form the
standing component exceeds the transient com-
ponent for every month. Charts, in which the
monthly mean values of the standing components
are plotted versus latitude, show that in the
approximate form the maximum values move
toward lower latitudes (near 30° N) and decrease in
value as summer approaches. In the exact form the
standing eddy values are not only larger, but show
a different seasonal variation. Although a weak
winter maximum is found at about the same
latitude as in the approximate form, the dominant
feature of the exact form is the maximum which
appears at low latitudes (near 20°N) in early
spring and shifts slightly poleward to about 30° N
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and increases as summer approaches. The summer
values from the exact form are five times as large as
those in the approximate form. These large stand-
ing eddy values and their seasonal displacement
appear to support their relationship to monsoon
activity.

In contrast to the standing eddy APE values, the
transient eddy values show less difference between
the approximate and exact forms. The latitude of
maximum values for both the approximate and
exact transient eddy values varies less with season
than in the standing eddy case. The latitude of the
maximum values obtained from the exact form is
slightly farther south in late winter and spring than
that of the approximate form. The latitude (35—
40°N) and season of this maximum agrees well
with the long term maximum of cyclogenesis.

(4) Hemispheric maps showing the distribution
of the vertically integrated grid point data from
which the eddy APE was calculated were prepared
for winter and summer. The exact form distribution
appears to agree better with the distribution of
cyclogenetic regions than the approximate form.
More significantly, the standard deviations of the
twice daily vertically integrated values for the
winter season have a pattern which remarkably
agrees with the principal and secondary cyclone
tracks during the FGGE year winter. On the other
hand, the approximate form standard deviations
show little relationship to the winter cyclone
tracks. Results such as these and those noted
above support the use of the exact form of the
available potential energy equations in diagnostic
work.

Although the above results show pronounced
differences between calculations based on the exact
and approximate forms, we should again note that
the approximate form has been used for more
than twenty years in diagnostic studies, especially
those involving the energetics of the entire hemi-
sphere or globe. Certainly the approximate form is
self-consistent and constitutes a description of the
energy cycle in terms of temperature variance
(rather than available potential energy). Because of
its long history and because it is easier to calculate
than the exact form, the approximate form will
likely be used in some future studies. We feel
however, that it is important that the meteorological
community be aware of the significant differences
that exist between the approximate and exact form
results. These differences not only involve the
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actual amounts of APE but also its seasonal
variation.

In studying the energetics of the earth’s atmos-
phere much additional work remains. This work
should include studies of the temporal and spatial
relationships between the exact form APE and
extratropical cyclone activity. Further com-
parisons between the exact and approximate form
APE values are in order. For example, the
relationship between the observed kinetic energy
and both forms of the APE should be examined.
Likewise, comparisons between the hemispheric
generation of APE obtained using the exact and
approximate forms is needed. These later studies
could be part of the major undertaking of the
computation of the Northern Hemisphere energy
cycle using the exact and approximate forms. Other
studies might also be considered. For example,
does the diurnal variation of APE somehow
influence the most likely time of cyclogenesis?
Meteorologists are fully aware of the importance of
diurnal heating in producing thunderstorms and
other meso-scale phenomena, but have given little
thought to the larger scale. And finally, additional
studies of the APE and its generation in various

K. DUCK MIN AND L. H. HORN

limited regions appear in order. We are initiating
work into some of these problems.
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