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ABSTRACT

Estimates of total zonal and eddy available
potential and kinetic energies deduced from daily
Southern Hemisphere mean sea level pressure and 500mb
geopotential height fields for the eighteen months
of the International Geophysical Year are presented.
The eddy energies are further subdivided into
components associated with eddies of longitudinal
wave numbers one to twelve. The results are compared
with similar estimates for the Northern Hemisphere.

The eddy energies appear to be partitioned into
distinctly differing spectra at wave number 7 and a
a . .
power law E = bn~ is postulated for the higher wave
number spectra as has been done for the Northern
Hemisphere. Estimates of g are made for each energy
for the winter, summer and annual mean spectra.

INTRODUCTION

Following the important contribution by Lorenz (1955) on the study
of how the internal energies of the atmosphere are transformed into kinetic
energy and maintain its circulation despite dissipative forces, the energetics
of the Northern Hemisphere's circulation have been investigated extensively
by many workers during recent years (eg, Wiin-Nielsen, 1967; Van Mieghem, 1961; Horn
and Bryson, 1963; Saltzman, 1958; Saltzman and Fleisher, 1962; Murakami and Tomatsu,
1964a, b). However little work has been done along these lines in the Southern
Hemisphere; such studies could have important applications in extended forecasting
using various energy cycles as diagnostic indices of the atmosphere's behaviour as
well as providing a guide to the performance of numerical models developed for this
hemisphere. :

It is customary to consider the general circulation as consisting of two
components - its eddy and mean (or zonal) flows; the former is often further sub-
divided into its different scales using Fourier analysis. This breakdown into
various scales of eddies appears realistic in the light of the wave-like character of
disturbances in the atmosphere.

To ensure that the results of such studies may be considered as represent-
ative of a hemisphere, they require as data a set of analyses, extensive in time and
covering as much of the hemisphere as possible. The only such set at present readily
available for the Southern Hemisphere is the 18 month (1 July 1957 to 31 December
1958) mean sea level pressure and 500 mb contour height International Geophysical
Year (IGY) analysis series prepared by the South African Weather Bureau. This set
was used to compute the energy estimates presented here.
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EQUATIONS AND PROCEDURE
Total, zonal and eddy kinetic and available potential energy (K, K,, K
and A, A, Ag respectively) were computed using equationssimilar to those applied by
several workers (eg Wiin-Nielsen, 1964). The derivation of those equations and a
full list of symbols are given in the Appendix. -
The total energies are given by
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Here, ¢ is latitude and ¢1 and ¢2 are the latitudinal boundaries of the
region, Ao An Bn and a, a bn are the latitudinal Fourier coefficients and zio 2s
are the area means of the 1000 mb and 500 mb heights respectively, n is the longitud-
inal wave number and C; and C, are constants. Following Murakami (1963), the coriolis
parameter contained in C; was taken as a constant.

o The IGY data were supplied in grid-point form on a staggered 5% latitude
by 10~ longitude grid. As MSL analyses were not attempted over the higher regions
of the Antarctic continent it was decided to restrict calculations to the region
between 15°S (the northernmost’ latitude grid) and 65°s (the southernmost latitude
grid for which data were available for each 10~ of longitude). Although almost 65%
of the hemisphere is contained in this belt, the undoubtedly important contributions
by its polar and equatorial regions are not contained in these results.

The MSL pressures were converted to 1000 mb heights using an appropriate
constant density and the daily values of Ao; An, Bn, 3, a, b, were computed for each

latitude circle up to the eighteenth harmonic; polynomials were fitted to each
harmonic in each Fourier expansion for calculation of derivatives with respect to
latitude. Area means of 1000 and 500 mb height (z10 and 25) were estimated from a

cosine weighted mean of their latitudinal means (Ao and ao). The daily values and

monthly, seasonal and annual means of the above energies were then computed. Following
Saltzman (1957), it was assumed that estimates of Kn.and Pn for wave numbers beyond

twelve using data at 10° of longitude intervals would not be meaningful and could be
neglected. '
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DISCUSSION OF RESULTS

Comparisons will be made between estimates of Southern Hemisphere energies
and corresponding results for the Northern Hemisphere. The relevant data used for
the latter are listed in Table 1. As different data volumes and units have been used
by various investigators, all energies reported here have been reduced to common units
of erg cm "2 mb™! (energy/unit area/unit pressure layer) X 10, In addition, Northern
Hemisphere estimates of kinetic energies using 500 mb data only have beaxreduced
according to the vertical profiles of their annual means as estimated by Wiin-Nielsen
(1967) which indicate that their values at 500 mb and average values over the 100 mb
layer centred at 500 mb are about twice their average values over the layer 1000 to
500 mb.

The monthly means of A, AZ, AE and K, KZ, KE throughout the IGY are

presented in Fig 1 together with approximate values of the same quantities as found
by Wiin-Nielsen (1967) over the same layer in the Northern Hemisphere. For comparison
purposes, his values have been repeated to cover eighteen months and plotted so that
the seasons in each hemisphere are aligned. The seasonal and annual energy means for
each hemisphere are included in Table 2.

The annual mean total energies are very similar but differences are
apparent in the partitioning between the zonal and eddy flows: relatively more is
contained in the zonal than the eddy flow of the Southern than the Northern Hemisphere;
this is particularly apparent for kinetic energy in Fig 1. In almost all months,
more than half the Southern Hemisphere's K is zonal whilst Wiin-Nielsen's figures
indicate that in the Northern Hemisphere, KE exceeds KZ in all months.

The monthly variation of energies is much more remarkable in the Northern
Hemisphere where all but A_ display pronounced maxima during winter and minima during
summer. Similar, but less marked seasonal fluctuations are shown by Southern
Hemisphere available potential energies; however no trend is apparent in kinetic
energy.

The monthly variations throughout one year of the ratios of
K's and A's of Fig 1 are shown in Fig 2. It would appear that in each hemisphere
the energies are partitioned in equal ratios; in the Northern Hemisphere the ratio
varied between 20 and 25% and in the Southern, between 24 and 27%.

Comparison of some results of this study with the Northern Hemisphere
estimates of Saltzman and Fleisher (1960, 1962) are also shown in Table 2. They
computed winter means of A, A and A_ for the layer 850 to 500 mb and mean winter,
summer and annual K, KZ and KE at 506 Reduced values of their kinetic energies
are given in Table 2

Saltzman and Fleisher's estimate of A is somewhat greater than the
corresponding Southern Hemisphere winter mean and shows a similar partitioning between
the zonal and mean flows as Wiin-Nielsen's (1967) results. Their kinetic energies
show the same marked seasonal fluctuations as those found by Wiin-Nielsen but in
contrast to the latter's results, more kinetic energy is contained in the zonal flow.
Winter K, and K values are greater, but their winter K; and all summer kinetic
energies”are less than the Southern Hemisphere values.” In the annual means, K, is
almost the same, but KE (and hence K) are greater in the Southern Hemisphere.

The mean Southern Hemisphere annual, winter and summer spectra of Kg and Ap as
functions of wave number are presented in Fig 3. The spectra are discrete and
connecting lines are drawn only as an aid in interpreting the results. In both
seasons, and hence in the annual mean, the major portion of the energy is contained
in the wave numbers one to six. The spectrum of mean winter K. shows a relative
maximum at wave number one and an absolute maximum at wave numEer four whilst the
summer spectrum has its maximum at wave number one with a secondary maximum at wave
number five. The annual mean shows a relative maximum at wave number one and its
absolute maximum at wave number four. All spectra of have maxima at wave number

one with secondary maxima about half the absolute maximd at wave number four.
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AVAILABLE POTENTIAL ENERGY (erg cm-2mb-! x 103 )

KINETIC ENERGY (ergcm-2mb-! x 10° )
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Fig 1 Monthly means of A, Az, Ag, and K, Kz, Kg for the Southern Hemisphere throughout the 1GY
(solid lines) and for the Northern Hemisphere (after Wiin - Nielsen 1967) (broken lines).
Units: ergcm2mb! x 1073
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ENERGY (K, and P,) erg cm2mb % x 10°
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Table 2 Estimates of K, K,, K. and A, A, for

(i) the Northern Hemisphere (a} after Wiin-Nielsen
(1967), seasonal and annual means; (b) after
Saltzman and Fleisher (1962), reduced seasonal
and annual means; (c) after Saltzman and
Fleisher (1960), winter means and

(ii) the Southern Hemisphere (S@}, seasonal and
annudl means. Unit erg cm " mb™~ x 102,

Winter Summer Annual

(a) (b) () (SH) (a) (b) (SH) (a) (b) (SH)

KZ 520 910 - 690 240 380 630 | 380 645 660
KE - 900 500 - 570 580 300 520 740 400 545
K 1420 1410 - 1260 820 680 1150 1120 1045 1205
AZ 5170 - 6900 4270 2820 - 4160 3995 - 4215
AE 1250 - 1620 680 980 - 520 1115 - 600
A 6420 - 5280 4950 3800 - 4680 5110 - 4815
KZ+Az 5690 - - 4960 3060 - 4790 4375 - 4875
KE+AE 2150 - - 1250 1560 - 1040 1855 - 1145
K+A 7840 - - 6210 4620 - 5830 6230 - 6020

These results are compared with some Northern Hemisphere estimates in
Fig 4. The reduced mean annual spectrum of K. for 1962 for the 100 mb layer centred
at 500 mb as estimated by Murakami and Tomatsu (1964b) shows similarity at many
points (Fig 4a) with the results of this study especially for waves beyond three.
They found however, that the spectrum contained a single maximum at wave number three
almost 50% greater than the secondary and absolute maxima at wave numbers one and
four respectively of the Southern Hemisphere spectrum. .

The reduced mean winter spectrum of K_ estimated by Saltzman and Fleisher
(1962), the mgan winter spectrum of K. estimated Ey Horn and Bryson using 700 mb
heights at 45N and the mean winter spectrum of this study are shown at Fig 4b. Horn
and Bryson's figures have not been reduced as the vertical profile of K; mentioned
above indicates that its 700 mb value is representative of its average value over
the 1000 to 500 mb layer. The similarity of all three spectra is striking. Allhave
two maxima, the first at wave number one, the second at wave number three in the
Northern Hemisphere, and at wave number four in the Southern Hemisphere. The energies
are of similar magnitudes in most cases, however some marked differences are apparent
between Satlzman and Fleisher's estimates at wave numbers four to seven and those of
this- study.
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EDDY KINETIC ENERGY (erg cm2mb~1x103)
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The mean spectrum of for February 1959 estimated by Saltzman and
Fleisher (1960) and the mean winteT spectrum of this study are compared in Fig 4c.
Although the spectra are similar beyond wave number three, major differences are
apparent at the low wave numbers especially at number two; indeed, the extremesdaily
value found for P in the 18 months of Southern Hemlsphere estimates (583 x 107 erg
m~2 mb-1 for P, On 1 August 1958) did not exceed the mean iue of P, for the

Northern Hem1sp%ere for February 1959 (622 % 103 erg cm "2 mb~

The variations of the Southern Hemisphere spectra through the IGY are
illustrated by the isopleths of their monthly means in Fig 5. They show that in all
months studied here, the major portions of both energies are concentrated in wave
numbers one to six. Although there are remarkable similarities in the spectra of
corresponding months during 1957 and 1958 it would be unwise to assume that these
results are necessarily indicative of climatological values; these would require
data covering a much greater period.

The shapes of the spectra in Fig 3 suggest that, as has been found in the
Northern Hemisphere the energies can be partitioned by wave number into two classes:
wave numbers one to six where most energy is concentrated and can vary quite sharply
from wave number to wave number, and wave numbers beyond six where the energy
decreases steadily. The annual and seasonal spectra on logarithmic scales
illustrating this partitioning more dramatically are presented in Fig 6. The
linearity of each spectrum beyond wave number six is remarkable and a regression
line has been fitted to this range in each case. The spectra for wave numbers one
to six have again been joined for clarity.

The regression lines can be expressed as
log E = alogn+ logh

where E is K or and a and b are constants. This of course is equivalent to a
power law of"the fnrm E = bn?

The seasonal values of a for the K. spectra are -2.93 in winter and -2.77
in summer with an annual value of -2.84. Using single level latitudinal data for the
Northern Hemlsphere winter, Horn and Brysgn (1963) found values of a ranging from -2.3
at 700 mb at 45°N to -2.9 at 300 mb at 25°N and that partitioning occurred at wave
number four at 65°N and at wave number seven at 25°N. Wiin-Neilsen (1967) found values
of a ranging from -1.9 at 1000 mb to -2.9 at 500 mb with a mean value of about -2.5.
His estimates showed that partitioning occurredin the mean at wave number eight.

The values of a for the Ap spectra are -3.92 in both seasons. Wiin-
Neilsen (1967) found values ranging from -2.4 in the layer 850 to 1000 mb to -3.3 in
the layer 500 to 700 mb with the mean value of -2.8; partitioning again occurred at
wave number eight. As energies for waves beyond twelve were not computed, no attempt
can be made to estimate a lower limit of the range for which the power laws described
here may apply.

CONCLUDING REMARKS

Estimates presented here indicate that the annual means of total, zonal
and eddy available potential and kinetic energies contained in the Southern
Hemisphere troposphere betweem 1000 and 500 mb over the latitude belt 15° °s to 65°
are of the same order of magnitude as values found for similar volumes of the
Northern Hemisphere. As well, the ratio of monthly means of K to A appears to be a
constant 20 to 25% in each hemisphere. However, it would seem that the Southern
Hemisphere energies do not display the marked seasonal fluctuations of the Northern
Hemisphere. This major difference between the hemispheres may be due to their
differing oceanic and continental areas. In the Northern Hemisphere, the relatively
large area of land masses results in marked seasonal contrasts in sensible heat
supplies near the surface whilst in the predominantly oceanic part of the Southern
Hemisphere considered in this study, the seasonal fluctuations in sensible heat are
much less pronounced. Hence available potential energy which, especially in the
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lower troposphere, is strongly influenced by diabatic effects, and the kinetic energy
which it maintains, would be expected to show similar seasonal contrasts.

Subdivision of and K. into their different scales suggests that the
bulk of eddy energy in the Southern Hemisphere is contained in the longer waves,
numbers one to six. The energy spectra of the :horter waves (seven to twelve) appear
to follow a simple power law of the form E = bn? with a being about -2.8 for KE and
-3.9 for AE

In order to provide a realistic climatology of the energetics of the
Southern Hemispheric circulation, it is desirable that studies of this nature be
carried out using data sets which are more extensive in time and which also have
more resolution in the vertical. The proposed implementation of full hemispheric
multilevel analysis at the Melbourne WMC will, in time, play a vital role in building
up such sets.

The next phase in this project will be to consider the energetic inter-
actions between waves and the relative roles of waves of various size in the
conversion of energy from one form to the other.
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APPENDIX

Derivation of equations used in the computation of kinetic and available
potential energies.

Symbols
a earth's radius
3y 2, bn Fourier coefficients of 25

A,A,B Fourier coefficients of 210

o> 'n’ n

A total available potential enexrgy

A, " zonal available potential energy

AE eddy available potential energy

Pn available potential energy associated with a disturbance of wave number n
c; a constant (= Ap gn/4 f2)

C2 a constant (= a2 gn/2 Ap)

f coriolis parameter

g gravitational acceleration

K total kinetic energy

KZ zonal kinetic energy

KE eddy kinetic energy

Kn kinetic energy associated with a disturbance of.wave number n
Kp contribution to K by a pressure level p

n longitudinal wave number

P pressure

P, P, pressures at lower and upper levels

bp Pio 7 P

u, v eastward and northward components of the horizontal wind
yA height

210, Z5 heights of pressures P P,

Zo’ Zl' Zz Fourier coefficients of Z

A area mean of Z

¢ latitude

¢1, ¢2 latitudes of northern and southern boundaries

d geopotential
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A longitude

o) a measure of static stability (= -031n6/9p)
g average value of ©

( 3! departure of ( )} from its area mean

Kinetic Energy

The total kinetic energy of that part of a hemisphere between ¢1 and ¢2 and pio¢ and
ps may be defined as

f)

2 Pio (92 2m
K = S S S (u* + v?) cos¢ d\ d¢ dp R |
Ps 91 0

=

The contribution to K from a level p is given by

2 rd2 2m
K = éL;—E g (® + v?) cosé dr do 2
P g ¢, 0

and with two data levels, K may be approximated by

K=K+ K cee 3

The wind components at a level p are computed from the geostrophic approximation

u = -gd2/3¢/(fa), v = gdZ/3\/(f a cosd) ' R |
When Z is expanded into the Fourier series

o«

Z = Zo + § (Z1 cos nA + Z, sin nA) vee S

2

u and v can be expressed as Fourier series

u=-g 320/3¢ + z (321/8¢ cos nA + 822/3¢ sin nk)] /(fa)
3 .
© P
vV = ng z IZZ cos nA - Z, sin nA)/(f a cos¢)
1
Now it can be shown that, if
F(x) = Fo + § (Pn cos n X + Qn sin n x) ves 7
then
EZw ] -
2.9 2 2 2
o Fldx = 2FO+§(PH+Qn)] | ... 8

So from (6),

2 - o
S u?d) = mg? 2(azo/a¢)2 + Z((azl/aqa)z + (322/3d>)2>/(f232)}
1

0 L
g vZ dx = m? g? | (Zl2 + 222)/(f2a2 cos?¢) :
0 1
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Substituting from (9) into (2),
02 2 5 2 2
Kp = Sdn cl[z (azo(a¢) + §<(az1/a¢) + (32,/3¢)

+ n2(212+222)/cosz¢:)] cos¢ do ... 10

and hence in (3),

K:KZ+KE 11

where KE = g Kn .12
92 ) )

K, = 2 S¢1 C1 [(8A0/8¢) + (8a0/8¢) } cosd d¢ ve. 13

92
K = S cl[ (BAn/8¢)2 + (aan/a¢32 + (aBn/a<b)2 + (8bn/8¢)2

¢ - .. 14

2 2 2 2 2 2
+n (An +a’+B°%+ bn }/cos* ¢ ] cos$ do

Available Potential Energy

The total available potential energy of the same volume may be defined as
(Lorenz 1955)
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So, over the layer pig to ps,
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Now 30)/3p = gd2'/dp = - g (z'5 - z'lo)/Ap ee. 17
so
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Now the latitudinal means of Zs, 210 are a and Ao so their area means are
given by
25 = z a, cos¢/z cosd
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