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ABSTRACT 

A study is made of the annual variation of the six components, A,, A,, K,, K,, K,, 
and K,, of the energy in the atmosphere based on data from a complete year, February 
1963-January 1964, and on eight vertical levels. The distribution of the energy with 
respect to  pressure and time of the year is investigated with the result that all forms of 
energy have a maximum in the beginning of the year and a minimum during the month 
of July. 

The energy conversions C(A, ,  A , ) ,  C ( K , ,  K,) and C(K,, K,) are also investigated 
during the period. The most remarkable result is the annual variation of C(K,,  K,) 
showing a maximum during the fall, a phenomenon also observed during the previous 
year. 

Fourier analysis of the data in time is employed to determine the amplitude and 
phase of the first few components. The first component contains a considerable fraction 
of the annual variations, but the second component in in certain cases, as for example 
C(K,,  K,), very important in describing the annual behavior. A similar analysis is 
niitde of three years of data with essentially the same results. The latter set of energy 
data is used to determine the annual variation of the generation of available potential 
energy and the frictional dissipation using the energy equations, while the data for 
1!)63 are used to calculate the energy conversion C ( A ,  K )  and the generation C ( A )  
based on the energy equations and an assumption concerning the frictional dissipation. 

The last section of the paper contains a desrription of the results of an investigation 
of the energy spectra showing that in the range of wave nuinhers 8 < n . .1R we ran 
tipproximate the form of the spectra by a power law: E ~~ m’n- ’. n and b are determined 
by regression analysis. 

1. Introduction 

During the past few years, the  present author 
has been engaged in  diagnostic ca1cnlat)ions of 
atmospheric energy and energy conversions 
based on standard numerical analyses of routine 
meterorological data (Wiin-Nielsen, Brown & 
Drake, 1963, 1964; and Wiin-Nielsen, 1964). 
The calculations have been arranged t.o give 
information about  the spectral distribution of 
the  varioris forms of energy and energy con- 
versions by  calculating in  the  wave number re- 
gime u p  t o  and including longitudinal wave num- 
ber 15. Most of the  published results have been 
based on 5 pressure levels (85, 70, 50, 30 and 20 
cb). Beginning in  February 1963 the  National 
Meteorological Center of t h e  U.S. Weather 
Bureau began to analyse 8 levels on  a daily 
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basis adding the  100, 15, and  10 c b  levels to 
those mentioned above. It was therefore decidetl 
to extend the calculations of the amonnts o f  
energy and  some of the  energy conversions to 
cover a complete year for which d a t a  existed at 
eight levcls. The period selcctetl was February 
1963-Janriary 1964. 

The main purpose of the  present paper is to 
report the  results of the calculations and  to 
make a n  analysis of the  time variation of tho  
amounts of energy and t h e  energy conversions. 
We shall also investigate some propertirs of the 
spectra, in  particular the  functional relationship 
between the amorint of energy and the  wave 
number. 

2. Annual variations 

The following quantities have been com- 
puted for each day  of the  year, February 1963- 
January 1964. 
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1. The zonal available potential energy, A,. 
2. The eddy available potential energy, A,. 
3. The zonal kinetic energy, K,. 
4. The eddy kinetic energy, KE. 
5. The kinetic energy in the vertical mean flow, 

6. The kinetic energy in the vertical shear flow, 

7. The energy conversion from zonal to eddy 
available potential energy, C(A,, A,). 

8. The energy conversion from eddy to zonal 
kinetic energy, C(K,,K,). 

9. The energy conversion from the vertical shear 
flow to the vertical mean flow, C(K,,KM). 

KIM. 

KS. 

The numerical procedures which have been 
used to calculate the quantities A,, A,, K,  and 
K E  in the wave number regime are described by 
Wiin-Nielsen ( 1964), while the procedures used 
in connection with the computations of K,, K M  

and C(K,,K,) are given in two papers by Wiin- 
Nielsen & Drake (1965, 1966). The method of 
calculation used to obtain C(A,,A,) and C(KE, 
K,) has followed the description given by Wiin- 
Nielsen et al., (1963, 1964). In  all cases we have 
made the obvious changes due to the higher 
vertical resolution in the new data. 

It is apparent from the list given above that 
important energy conversions such as C ( A ,  K )  
and all energy generations G(A)  and dissipations 
D ( K )  have not been included in the present 
study. The reason is naturally that additional 
simplifying assumptions, such as adiabatic con- 
ditions, must be made to obtain C(A,  K )  while 
other empirical assumptions are necessary to 
compute G ( A )  and D ( K )  although such calcula- 
tions have been made. Brown (1964) extended 
an earlier study by Wiin-Nielsen & Brown 
(1960) to cover a nine-month period obtaining 
the atmospheric heat sources and the genera- 
tions G(A,)  and G(A,) for each month. These 
calculations were made using only two levels of 
data (85 and 50 cb), and there is unfortunately 
no obvious way in which these calculations can 
be extended to the higher vertical resolution 
with sufficient accuracy although such calcula- 
tions should be attempted in the future. Kung 
(1966) has attempted to calculate the frictional 
dissipation of kinetic energy D ( K )  over the 
North American continent obtaining the dissi- 
p ation D ( K )  as a residual in the equation describ- 
ing the rate of change of kinetic energy in an 
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Pig. 1. The zonal available potential energy A ,  &B a 
function of pressure and time of the year. Unit: 
kjm-l cb-'. Data: Feb. 1963-Jan. 1964. 

open volume. As pointed out by Kung (loc. cit.) 
i t  is very difficult, if not impossible, to extend 
his calculation to cover the northern hemisphere 
because of sparsity of data. We shall comment 
on the magnitudes and variations of G(A)  and 
D ( K )  in a later section of this paper. 

We are first going to consider the annual 
variations of the various forms of energy. The 
amounts of energy in the atmosphere have ear- 
lier been expressed as energy per unit area be- 
cause of the limited geographical extent of the 
data region. The unit for energy amounts has 
therefore been kjm-2. In the following figures 
we want to express the amounts of energy aa a 
function of pressure and time. It is therefore 
natural to use the unit: kjm-%b-' which is the 
unit used in Figs. 1-7 of this paper. It may be 
instructive to express the amounts in the unit: 
energy per unit mass which has the dimension 
of a square of velocity. If this is desired, it is 
only necessary to multiply the numbers ap- 
pearing in Figs. 1-7 by the acceleration of 
gravity or about 10 m sec-2, in which case the 
energy unit becomes m2 sec-2. The same pro- 
cedures applied to any energy conversion, ge- 
neration or dissipation as in Figs. 8-13 will 
result in the unit ma sec-3. 

Fig. 1 shows the zonal available potential 
energy A, as a function of time and pressure 
for the period February 1963-January 1964. 
The monthly mean values of A, were used to  
prepare this figure, and the data for January 
1964 has been replotted on the left side of the 
figure. It is seen that the maximum amounts 
of A ,  occur in winter while a minimum is found 
in the lower part of the troposphere during the 
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in 

Fig. 2. The eddy available potential energy A ,  as a 
function of pressure and time of the year. 

summer. The level of the primary maximum is 
found a little above 50 cb. There is a minimum 
in A ,  around 20 cb with a secondary maximum 
appearing between 10 and 15 cb during summer. 
During the month of July we find the greatest 
amount of A ,  a t  this level because the maximum 
in the lower stratosphere coincides with the 
minimum in the lower troposphere. The sec- 
ondary maximum in the stratosphere is con- 
nected with the large temperature difference 
between pole and equator during summer with 
the warmer temperatures appearing a t  the high 
latitudes in these stratospheric layers. 

Fig. 2 shows the distribution of eddy available 
potential energy EIS a function of time and pres- 
sure in an arrangement similar to Fig. 1. We 
notice the presence of a winter maximum a t  
about 50 cb with a secondary maximum during 
the summer a t  100 cb. Disregarding this level 
there is a minimum during the summer. There 
is in particular np tendency for a secondary 
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Fig. 3. The zonal kinetic energy K ,  as a function of 
pressure and time of the year. 
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Fig. 4 .  The eddy kinetic energy K ,  as a function of 
pressure and time of the year. 

maximum in the lower stratosphere correspond- 
ing to the maximum in A,. This question will be 
reconsidered in connection with the energy con- 
version C(A,, A,). 

The annual variation of the zonal kinetic 
energy K ,  is shown in Fig. 3 as a function of 
pressure. We observe a well developed winter 
maximum a t  20 cb with the largest values ap- 
pearing in February. The zonal kinetic energy 
decreases rapidly in the lower stratosphere. A 
summer minimum appears a t  all pressure levels. 
The values of K ,  in July a t  20 cb are only 20 % 
of the maximum values in February a t  the 
same level. At 100 cb we find very small values 
of K ,  amounting to only 2-3 "/b of the values 
at  20 cb. 

The configuration of the isolines for the eddy 
kinetic energy KE shown in Fig. 4 as a function 
of time and pressure is in many respects similar 
to the configuration in Fig. 3. The minimum 
values of KE are found in the lower troposphere 
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Fig. 5 .  The shear flow kinetic energy K ,  as a func- 
tion of pressure and time of the year. 
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Fig. 6. The mean flow kinetic energy K ,  as a func- 
tion of time of the year. 

during the summer. A comparison of Figs. 3 
and 4 shows that K ,  i K ,  at 20 cb while the 
opposite relation holds in the lower half of the 
troposphere. 

The kinetic energy K ,  of the vertical shear 
flow which is defined as the deviation from the 
vertical average of the horizontal wind (Wiin- 
Nielsen, 1962) is shown in Fig. 5. The main fea- 
ture of this figure is the well-pronounced mini- 
mum throughout the year a t  50 cb. This mini- 
mum is due to the fact that the 50 cb flow is a 
reasonably good approximation to the vertical 
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Fig. 7. Vertical profiles of the annual averages of 
A,, A,, K,, and K, a8 a function of pressure. 
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Fig. 8. The energy conversion, C(A,,  A,) as a func- 
tion of pressure and time of the year. Unit: 10-e kjn+ 
sec-l cb-'. 

mean flow, and that the shear flow a t  50 cb 
therefore is weak. In  each vertical column we 
find therefore maxima at the ground (100 cb) 
and at 20 cb. The annual variation is character- 
ized by winter maxima and summer minima in 
the lower and upper troposphere. 

The last component of the kinetic energy 
which we consider in this study is the kinetic 
energy of the vertical mean flow K,. This 
energy component is not a function of pressure, 
and its annual variation can therefore be shown 
as a function of time as given in Fig. 6. K,  is at 
almost all times of the year and at all pressure 
levels larger than the corresponding value of K,. 

The different energy components as a function 
of pressure are shown in Fig. 7 which was con- 
structed on the basis of the annual mean values 
of A,, A,, K,, and KE. Fig. 7 shows good agree- 
ment with similar curves computed from four 
months of data during the year 1962 (Wiin- 
Nielsen, 1964). We notice in particular that the 
secondary maximum of A, in the lower strato- 
sphere (10-15 cb) is well established, that there 
is a slight tendency for a secondary maximum 
a t  the same level in A,, and that the vertical 
variation in K ,  below 60 cb is rather small. 

The next subject of this section will be a 
description of the annual variation of the energy 
conversions C(A,, A,), C(K,, K,) and C(K,, 
K,) as computed from the data for the period 
February 1963-January 1964. In  Fig. 8 C(A,, 
A,) is shown m a function of time and pressure. 
It is first of all seen that the maximum value 
of this energy conversion is found in winter 
a t  about 60 cb. The minimum value during sum- 
mer at the same level is less than 20 % of the 
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Fig. 9. The energy conversion C(KE, K,) as a func- 
tion of pressure and time of the year. 

maximum value during winter. We notice next 
that the contributions to C(A,, AE)  from layers 
above 50 cb decrease rapidly and become zero 
at about 20 cb during most of the year. The 
contribution from the layers above 20 cb is 
negative with the numerically largest values ap- 
pearhg in spring and fall. The negative contri- 
butions to C(A,, AE) are consistent with the 
secondary maximum found in the annual distri- 
bution of A, in the lower stratosphere (see 
Fig. 1) during slimmer. We may in fact say that 
the negative values of C(A,, AE) helps to pro- 
duce the secondary maximum in A,. The rever- 
sal of thc energy conversion C(A,, AE) in the 
lower stratosphere a9 compared to the tropo- 
sphere is mainly due to the fact that the higher 
temperatures at these levels are found at the 
high latitudes and the lower temperatiires at 
low latitudes compared with the observation 
that the heat transport is from soiith to north 
(White, 1954; Oort, 1964). 

In contrast to  C(A,, AE)  shown in Fig. 8 we 
find that the energy conversion C(KE, K,) tends 
to havc its maximum value in the upper part 
of the troposphere at about 20 cb as seen in 
Fig. 9. This figure shows also a number of other 
noticeable featiires. Diiring February and March 
we find negative values of C(KE, K,) at least at 
the upper levels. The energy conversion C(KE, 
K,) has been investigated earlier for January 
1963, the month preceding the present period. 
C(KE, K,) was negative at all levels during this 
month. We notice next that C(KE, K,) has ita 
maximum positive values during summer and 
fall. In  comparison with C(A,,AE) there is a 
marked difference in the time of the maximum 
values. One might think that the summer and 

50 I 

Fig. 10. The energy conversion C(K,, K,) RB 8 
function of pressure and time of the year. 

fall maxima of C(K,, K,) seen in Fig. 9 could 
be due to a small sample of only one year of 
data. Although our records of C(KE, K,) indeed 
are very short, so that we can hardly speak of a 
climatological average, i t  is pertinent to men- 
tion that the data from Janiiary, April, July 
and October 1962 also show a maximum during 
the fall season (Wiin-Nielsen el al., 1964). It iR 

consequently of interest to calculate C(K,, K,) 
from meteorological data covering many years 
in order to establish whether or not there in 
genoral is a maximum of C(KE,  K,) in slimmer 
and fall. We notice finally from Fig. 9 that there 
are relatively minor contributions to C(K,, K,) 
from levels below 50 cb throiighoilt. the year. 
Notice that the data for January 1963 have 
been reproduced at the left side of Fig. 9 be- 
cause of the anomalous behavior of this winter 
month, although the calciilat ion for this month 
is based on only 5 levels. 

Fig. 10 shows the energy conversion between 
the vertical shear flow and the vertical mean 
flow C( K,. K,,,) as a function of time and pressure. 
C(K,, K,,,) has a minimum in the middle tro- 
posphere just as the kinetic energy KP We find 
maxima in the ripper and lower tropnsphere dur- 
ing winter with relative minima during summe .. 
There is a high degree of similarity between the 
distributions of K ,  and C(K,, K,,,). 

As a supplement to Figs. 8,9, and 10 we have 
prepared figures showing the vertical variations 
of the three energy conversions C(A,,AE), 
C(KE. K,) and C(K,, KM). These curves were 
computed from the annual averages for the 
period February 1963-January 1964. Fig. 11 
shows the energy conversion C(A,A,), while 
Figs. 12 and 13 illustrate the vertical variation 
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Pig. 11. Vertical profile of the annual mean of 
C(A,,  A E ) .  Dashed curve based on data from 1962. 

of the two kinetic energy conversions C(K,, K,) 
and C(K,,  KM).  These curves clearly demonstrate 
that a considerable vertical resolution is needed 
in the data in order to obtain reliable estimates 
of all the conversions. Many earlier estimates 
have been based on data from only one or two 
isobaric levels. Fig. 11 should be compared with 
the corresponding figure appearing in Krueger, 
Winston & Haines (1965). It is seen that the 
extrapolation performed by these authors to 
obtain values above 20 cb is erroneous because 
they failed to recognize the negative values of 
C(A,, AE) at those levels. In Figs. 11,  12 and 13 
we have furthermore entered curves showing 
the estimated vertical variations of the energy 
conversions during 1962 to illustrate variations 
from one year to another. The data for 1962 
consist of the already published results for 
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Fig. 12. Vertical profile of the annual mean of 
C(K,,  Kz) .  Dashed curve based on data from 1962. 
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Pig. 13. Vertical profile of the annual mean of 
C(K,,  K M ) .  Dashed curve based on data from 1962. 

January, April, July and October ( Wiin-Nielsen 
et al., 1964) combined with additional calcula- 
tions carried out for the months of November 
and December. The annual mean value was 
obtained as a weighted sum of the monthly 
mean values. All calculations for 1962 are ob- 
tained from five levels of data and are restricted 
to the interval between 85 and 20 cb. 

3. Fourier analysis of energy data 

The diagrams presented in the preceding scc- 
tion give a first impression of the variations of 
various forms of energy and energy conversions 
during a year. However, the details of the varia- 
tions are difficult to see using the diagrams. It 
was therefore found to be of interest to compute 
the first few Fourier components using one year 
as the basic period. We have in other words 
computed the coefficients FC, and FAY, defined 
by the expression 

F(t )  = Fo + [,,, cos ( n  $1) 
n = 1  

+ FS,  sin ( n z t ) ] ,  

where F,  is the annual mean value, while PC, 
and FS, are determined from the integrals 

FC, = loT F( t )  cos ( n  $ t )  dt, (3.2) 
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Table 1. Energy and energy conversions, Feb. 1963-Jan. 1964 
Units: Energy in kjm-e, energy conversion kjm-a S ~ C - ~ .  

A z  AE K E  K z  K.y K ,  C ( A z , A E )  C ( K E , K Z )  C(K.y,K,) 

Jan. 
Feb. 
Mar. 
Apr. 

June 
July 
Aug. 

Oct. 
Nov. 
Dee. 

May 

Sept. 

4077 
3968 
4262 
3385 
2594 
2185 
1786 
1967 
2669 
3104 
3957 
4024 

1191 
1112 
886 
7 54 
705 
627 
654 
542 
609 
774 
780 

1132 

1365 
1299 
1224 
1102 
912 
776 
652 
618 
876 

1001 
1033 
1345 

1442 
1541 
1238 
829 
515 
367 
269 
293 
476 
640 
982 

1396 

815 
816 
717 
574 
452 
374 
330 
312 
402 
473 
573 
773 

1992 
2024 
1745 
1357 
976 
769 
592 
599 
950 

1168 
1442 
1968 

37.0 
42.1 
32.7 
26.3 
15.5 
6.81 
5.84 
6.13 

14.2 
23.2 
31.8 
43.0 

2.91 
- 5.73 

0.14 
4.10 
5.30 
6.59 
6.60 
3.69 
7.29 

10.40 
9.95 
6.15 

32.9 
33.0 
27.3 
24.7 
16.8 
11 .7  
9.50 
9.20 

17.0 
22.3 
27.4 
32.9 

In  the expressions above, T corresponds to 
one year. Due to the variations in the energy 
and energy conversion values from one year to 
another we should naturally desire to have 
several years of data in order to determine a 
climatological value. Lacking this information 
it is nevertheless interesting to consider the 
single year of data available a t  this time. The 
Fourier coefficients were in all cases computed 
from the monthly mean values of the total 
energy or energy conversion. 

The data which have been used for the 
Fourier analysis are summarized in Table 1 in 
which the energy is given in the unit kjm-* 
while the conversions are in the unit 1 0 - 4  kjm-a 
sec-l. 

The results of the Fourier analysis of the 
data in Table 1 are given in Table 2 for the 
first four components. Replacing the coeffi- 
cients FC, and FS,, we have preferred to give 
the amplitude and phase angle, Ffl and yn 
defined by the relations: 

F i  = FC; i FS; (3 .4 )  

and (3.5) 

It is easily verified that yfl gives the time of 
the maximum of the component. yfl as pre- 
sented in Table 2 is in the unit of days where 
we have used 365 days in the year. 

The period February 1963-January 1964 is 
at the moment the only year for which cal- 
culations exist for every month based on a high 

vertical resolution. The only other extensive cal- 
culation of energies and energy conversions is 
presented by Krueger et al. (1965). It covers a 
much longer period, but is mainly baaed on 
data from the levels 85 and 50 cb. We shall 
later compare our results with this calcula- 
tion. For the year 1962 calculations have been 
made for the months: January, April, July, 
October, November and December, although 
only the results from the first four months have 
been published (Wiin-Nielsen et al., 1964; Wiin- 
Nielsen, 1964; and Wiin-Nielsen & Drake, 1965). 
Fourier analysis has not been made on these 
data, but we have estimated the annual mean 
value as a weighted sum of the results for the six 
months. These values have been entered in 
Table 2 in the last column. Comparing the firs1 
and last column in Table 2 we find in general 
very good agreement. One notices that the totat 
available potential energy is slightly smaller in 
1962 as compared to 1963, while the total kine- 
tic energy is a little larger in 1962 than in 1963. 
These changes in the energy levels are due to 
corresponding changes in the zonal form of the 
energy, while the eddy energies show changes 
opposite to the zonal form. Consistent with the 
changes in the energy levels we find that 
C(Az,  AE)  is smaller while C(KE,  K,) is larger in 
1963 than in 1962. 

Each of the energy components has con- 
siderable amplitude in the first Fourier com- 
ponent. F ,  is in no case less than one third of 
F,, and in some cases we find a ratio of more 
than one half between F ,  and F,. The phase 
angle y1 shows that the maximum in the first 
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12 b, / 

MONTHS 

Fig. 14. The first and second Fourier component and 
their sum for A,. 

Fourier component is found in the latter part 
of January with one important exception. The 
maximum in the first Fourier component of 
C(K,, Kz )  is found to be on the 256th day, or in 
other words on September 13. 

It has been noted by Krueger et al. (1965) that 
there are significant differences between the 
springtime decline and the autumn buildup in 
several of the energy quantities, in particular 
A,, for which they noted that the springtime 
decline is smaller than the increase in fall. We 
can easily test this observation by comparing 
F, and y1 with F, and ye.  For A, we find first 
of all that P ,  is a considerable fraction of F,. 
The maximum in the first component occurs on 
January 20, while the maximum in the second 
component is found on April 15, or almost one 
quarter of a year later. Superimposing the sec- 
ond Fourier component on the first we thus 
find the same asymmetry as  noted by the 
authors mentioned above. The same kind of 
asymmetry is also found in A and K,, although 
the amplitude F z  in K, is quite small. For A, 
and K ,  we find, on the other hand, that there is 
a tendency for the first maxima in the first and 
second Fourier component to coincide. This 
means that there is a tendency for symmetry 
around the middle of the year, but the summer 
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minimum will be less pronounced than the 
winter maximum for these energy quantities. 

Amplitudes of the third and fourth Fourier 
components are in general relatively small com- 
pared with F, and are therefore of smaller im- 
portance for the annual variation. The first and 
second Fourier component together with their 
sum for A,, A,, K,, and K,  are shown in Figs. 
14, 15, 16 and 17 illustrating the arguments used 
above. 

It is also of interest to consider the first two 
Fourier components of the energy conversions. 
Figs. 18 and 19 show the first and second 
Fourier components and their sum for C(A,, A,) 
and C(K,, K,,,). The first Fourier components 
have by far the larger amplitude for both 
energy conversions with the maximum in 
January. The second Fourier component is also 
very similar for the two conversions with the 
first maximum occurring about May 1 resulting 
in a less pronounced winter maximum and a 
deeper summer minimum. In contrast to C(A,, 
AE) and C(K,, K,) we find that the first Fourier 
component of G(K,, K,) has its maximum in 
September. The second component has an amp- 
litude which is almost as large as F,, but with EL 

maximum in May. The combined effect of PI 
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Fig. 15. The first and second Fourier component 
and their sum for A,. 
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and F ,  produced a minimum in February and a 
maximum in November. An analysis of the data 
from 1962 published by Wiin-Nielsen et al. (1964) 
shows a first Fourier component with an amp- 
litude of 4.25 x kjm-2 sec-' and a phase 
angle of 268 days (Sept. 25), and asecond Fourier 
component with an amplitude of 2.10 x ~ O - ~  
kjm-* see-' and a phase angle of 110 days 
(April 20). There is therefore qualitative agree- 
ment between the results for 1962 regarding the 
annual variation of C(K,, K,). 

In  view of the fact that the results described 
above are for a single year only, it becomes of 
importance to make similar analyses for a num- 
ber of years in order to establish if the results 
obtained for 1963 are peculiar for this year, or 
if they represent the typical variation of energy 
through the year. It is unfortunately a very 
large (and expensive) project to create long 
records of energetical quantities because they 
require not only a collection of daily data from 
many levels, but also extensive computations. 
The only long record available a t  the present 
time is the calculations, mentioned earlier, by 
Krueger et al. (1965). These computations were 
based on two levels of data, 50 and 85 cb, and 
will therefore not represent the total atmosphere 
without certain corrections. We can, however, 
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Fig. 16. The first and second Fourier component 
and their sum for K,. 
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Fig. 17. The first and second Fourier Component 
and their sum for K, .  

use a method of corrections based on the fol- 
lowing principle. The ratio of the energy in the 
total depth of the atmosphere for 1963 to the 
contribution from the layer 85-50 cb was cal- 
culated for each month of the year. Under the 
assumption that these ratios can be applied to 
the corresponding months for other years it is 
possible to convert the data for the 85-50 cb 
layer to apply to the whole atmosphere. Such a 
conversion has been applied to Krrieger, Win- 
ston and Haines' data for the years 1960, 1961, 
and 1962. The corrected data were then analyzed 
to obtain the first Fourier components to be 
compared with the components listed in Table 
2. The results of these computations are given 
in Table 3 in which we have listed the amplitudes 
and phase angles of components 0, 1 and 2 only. 
The figures listed in Table 3 for the different 
years should be compared with each other and 
with the corresponding figures in Table 2. We 
notice considerable agreement between the 
corresponding numbers. The favorable compari- 
son between Table 2 and 3 increases the con- 
fidence in the computed numbers in Table 2 
although they are based on data from one year 
only. The only quantities on which no compari- 
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Fig. 18. The first and second Fourier component and 
their sum for C(A, ,  A E ) .  

son can be made are K,, K,, C(KE, K,) and 
C(K,, K M )  which were not computed in the 
study by Krueger et al. (1965) who, on the 
other hand, included C(A, K) C(AE, KE) and 
C(A,, K,). With regard to the last conversion 
we find considerable variations from year to 
year, while C(A, K )  and C(AE, KE)  show a 
maximum of the first component in late Decem- 
ber or early January, while the first maximum 
of the second component occurs some time in 
late April or early May, giving a tendency for a 
pronounced summer minimum and a rather 
flat winter maximum. 

4. Indirect calculations of energy generation 
and dissipation 

Any estimate of the basic energy generation, 
energy conversion or dissipation from atmo- 
spheric data is very difficult. The generation of 
available potential energy requires a knowledge 
of the heat sources; the energy conversion from 
available potential energy to kinetic energy 
depends on the vertical velocity or, alternately, 
a knowledge of the ageostrophic winds, and the 
dissipation of kinetic energy requires a knowl- 
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edge of the frictional forces. It is pertinent to 
point out that if we know one of these quantities 
we may compute the other two from the energy 
equations and a knowledge of the time variation 
of the amounts of available potential energy A 
and the kinetic energy K according to the 
equations 

d A  
-. z=, B-C,  
dt 

_ _  - C - D ,  dK 
dt 

where B = B ( A ) ,  C = C(A, K )  and D = D ( K ) .  
Equation (4.1) was, for example, used by 
Krueger et al. (1965) to calculate c f  from a 
known C and A = A @ )  estimating dA/dt by 
finite differences. 

It is interesting to use this approach in 
somewhat greater detail by using the Fourier 
analysis technique. As our first example we 
shall use the data reproduced in Table 3 for A, 
K and C(A,  K )  to calculate the resulting distri- 
butions of G and D. Using a representation of 
the type (3.1) for all quantities we obtain by 
substitution in (4.1) and (4.2) that 

(4.3) G,  = Do = C, 

l4  r 

- I 4 _  
l ~ l l l l i l ~ ~ l l l  
0 I 2 3 4 5 6 7 8 9 10 II I2 

MONTHS 

FG. 19. The firat and second Fourier component 
and their sum for C(K,, K,). 
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Table 2. Amplitudes and p h e  angles of Fourier components of energy and energy conversions 

Last column contains averaged values for 1962. 

1 2 3 4 
0 7 - - - 0 

n PO Fl Yi Fz Yz Fa Ya Y4 FO 

A 3978 1474 20 111 108 72 81 130 79 3813 
K 1849 982 24 72 28 38 16 83 80 1959 

3164 1196 20 203 105 107 81 126 75 2915 
814 278 22 93 11 36 22 38 7 898 

1017 346 25 14 126 44 15 58 88 1180 

A ,  
A E  

KZ 832 636 24 86 29 6 69 43 70 779 
K E  

K S  
K M  

551 255 28 31 25 10 14 19 83 648 
1298 727 23 42 31 28 17 64 80 1311 

C ( A z ,  AE)  23.7 18.6 18 0.7 120 0.8 94 0.6 68 29.9 
C(KE,  K z )  4.8 4.1 256 3.7 137 0.5 98 1.6 5 3.6 
C(K.y, KM)  22.1 12.2 18 0.9 119 0.5 14 0.6 2 29.3 

and coefficients of A, K and C. Such a calculation 

2n 
T 

2n 
T 

2 x  

T 

2n 
T 

- n . -  AC,= + GS, - CS,, 

-c n - -  AS,  = GC, - CC,, 

- n . -  K C ,  CS,  - DS,, 

t n e -  KS,=CC,-DC,. 

has been carried out using the averaged distribu- 
tion of A, K and C for the years 1960, 1961, and 
1962 from Table 3. Expressing the data in ampli- 
tude and phase angle we obtain the results given 
in Table 4 for n =0, 1 and 2. It is seen that the 
maximum value of G for n = 1 occurs at y 1  = 354 
days (December 20), while the maximum values 
of D for n = 1 is found on January 17. There is 
thus a lag of almost a month between the 
maximum generation and dissipation as meas- 
ured by the first Fourier component. We note 

(4.4) 

I 
further that the maximum dissipation for n = 1 

We can use (4.3) and (4.4) to calculate Go, Do, coincides nearly with the maximum kinetic 
energy. The values of the amplitudes of C, C GC,, GS,, DC,, and DS, knowing the Fourier 

Table 3. Amplitudes and phase angles of Fourier components of energy and energy conversions during 
1960, 1961, and 1962 

~ 

1960 1961 1962 

1 2 1 2 1 2 
Year ... 0 -- 0 -- 0 -- 

n Fo F ,  7 1  F ,  ~2 Fo F ,  Y1 F ,  Yz Fo Fi 71 F ,  Ya 

A 4817 
K 1384 

3923 
895 
678 

K Z  706 

C(A,,  A E )  27.1 
C(AE,  K E )  16.7 
C(A,,  K,)  - 0.9 
C ( A , K )  15.8 

A ,  
AE 
R E  

1881 
828 

1437 
445 
303 
527 

23.4 
10.3 
1 .o 
9.3 

15 
17 

16 
14 
13 
20 

11 
12 

210 
11 

364 107 
99 23 

504 102 
158 2 
223 158 
102 29 

1.8 158 
2.4 126 
0.7 66 
2.2 118 

4875 
1412 

3887 
992 
7 33 
679 

27.2 
19.4 

16.3 
- 3.1 

1935 
811 

1509 
431 
320 
499 

21.9 
11.0 
3.9 
8.6 
- 

16 
14 

17 
11 
4 

20 

13 
11 

238 
357 
- 

280 
74 

36 1 
119 
52 
99 

1.2 
4.2 
1.5 
5.3 
- 

119 
4 

111 
1 

134 
20 

115 
118 
144 
125 

5044 
1468 

4010 
1035 
813 
655 

29.0 
23.4 
- 5.4 
18.0 

1915 16 161 113 
801 18 107 32 

1412 17 297 103 
504 14 155 2 
363 16 17 33 
438 20 90 32 

22.6 15 0.8 95 
15.5 3 4.5 132 
4.4 142 2.1 49 

12.6 16 2.5 126 
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Table 4, Estimation of B(A) and D ( K )  from known duea  of A ,  K and C(A, K ) .  Averaged data 
from 1960, 1961, and 1962 

1 2 
0 -- 

n FO Fl Yl Fs YI 

A 4912 1910 16 264 111 
K 1421 813 16 86 21 

C(A,  K )  16.7 10.0 8 3.3 122 
16.7 11.1 354 3.1 133 

D ( K )  16.7 9.8 17 3.2 119 
G ( A )  

and D for n = 2 are of the same order of magni- 
tude and the maximum of the components occurs 
in late April and early May. We may compare 
the results for Q(A)  in Table 4 with an analogous 
analysis of the estimates of this quantity made 
by Brown (1964) for the months of January, 
April, July and October which enable us to 
compute at least the first Fourier component. 
The results are Q, = 9.5 x 
y ,  = 334 for the year 1962. Although the ampli- 
tude and the annual mean value are somewhat 
lower than those found in Table 4, there is a t  least 
qualitative agreement in the phase angle. If we, 
on the other hand, combine all the values given 
by Brown (loc. cit.) we find B, = 10.0 x 

c f ,  = 5.8 x lo-* and y, = 336 in close agreement 
with results for 1962. From the available data 
we conclude that Q, has a maximum in Decem- 
ber, while D ,  tends to have its maximum about 
a month later. 

The general procedure which was applied in 
the preceding paragraphs can be extended to 
cover a more detailed energy conversion scheme. 
We shall first consider a partition of the total 
energy in the energy forms: available potential 
energy A, shear flow kinetic energy K,, and 
mean flow kinetic energy K,. The energy equa- 
tions are: 

GI = 5.2 x 

dA 
-- = Q(A) - C(A,  K ) ,  
dt 

dKM __-  - C(K,, KM) - D(K,).  
dt 

The energy conversion C(K,, KM) is only 
known for an extended period of time during 
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the year 1963 during which we also have cal- 
culations of A ,  K,, and Kw In  order to solve 
the equations (4.5) it is necessary to know either 
@ ( A ) ,  C(A ,  K) or D ( K )  = D(K,) + D(K,). None 
of these quantities are known for the period. It 
is thus necessary to obtain one of them indi- 
rectly. In  spite of our limited knowledge of the 
frictional processes in the atmosphere, D ( K )  is 
nevertheless the only quantity which we can 
relate to the quantities which are known for the 
period. It is seen from the last equation in (4.5) 
that D(K,) can be computed from our knowl- 
edge of C(K,, K,) and Kw If we therefore can 
estimate the dissipation D ( K )  we can compute 
D(K,) = D ( K )  - D(K,). The middle equation in 
(4.5) will then give us C(A,  K ) ,  while Q(A)  can 
be computed from the first equation in (4.5). 

The energy dissipation in the atmospheric 
boundary layer may be estimated using the 
method designed by Lettau (1962) and Kung 
(1963). The boundary layer dissipation D,(K) is 
calculated from the formula: 

(4.6) 

where e is density, C, the geostrophic drag 
coefficient and V,, , the geostrophic wind in 
the atmospheric boundary layer. Using the 
data from the period February 1963 to January 
1964 for which 100 cb analyses were available 
we can compute e and V i ,  o, while C, was taken 
from Kung (1963). The results of this calculation 
are listed in Table 5. 

It has commonly been assumed that the 
greater part of the atmospheric kinetic energy 
dissipation is accounted for by the boundary 
layer dissipation. The results obtained by 
Kung (1966) show, on the other hand, a con- 
siderable dissipation in the so-called free at- 
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Table 5. Boundary layer d b m p d i o n ,  Db 
~ 

e,  10' tm-8 108 c, ~ i . 0 ,  ma sec-8 Db, kjm-* sec-l 

Jan. 
Feb. 
Mar. 
Apr. 

June 
July 
Aug. 
Sep. 
Oct. 
Nov. 
Dec. 

May 

1.268 
1.262 
1.246 
1.226 
1.205 
1.191 
1.185 
1.191 
1.207 
1.228 
1.248 
1.263 

0.878 
0.900 
0.928 
0.940 
0.990 
1.050 
1.090 
1.068 
1.010 
0.984 
0.946 
0.916 

2335 
2127 
1617 
1293 
1153 
1209 
1002 
1170 
1864 
2098 
2484 
2949 

25.99 
24.14 
18.60 
14.91 
13.77 
15.13 
12.95 
14.89 
22.72 
25.34 
29.62 
34.10 

mosphere. If  we assume that the total dissipa- 
tion D = D b  we get from (4.5) assuming that 
the annual mean is a steady state that D(K,) = 

C(K,, K,) = 22 x lo-' kjm-* sec-l, D(K,) = 

- 1 x 10-4 kjm-2 sec-1 and C(A,  K,) = G ( A )  = 

21 x lo-' kjm-' sec-l. Kung (1966) finds D(K) = 

63.8 x lo-' kjm-2 sec-l, Db = 18.7 x lo-' kjm-* 
sec-' and D,=45.1 x lo-' kjm-' sec-' where 
D, is the dissipation outside the boundary 
layer. These values are probably high because 
they were obtained over North America. How- 
ever, if we assume the same ratio between D, 
and Db as found by Kung (loc. cit.) we get 
D, = 50.6 x lo-' kjm-* sec-l and a total dissipa- 
tion D ( K )  =71.6 x kjm-* sec-1 which in 
turn leads to a value of D(K,) =49.6 x 
kjm-2 sec-l. Using again the assumption of 
steady state conditions for the annual mean we 
find G ( A )  = C(A,  K )  = 71.6 x lo-' kjm-l sec-'. 
Such values of G ( A )  and C ( A ,  K) are several 
times larger than independent estimates of 

these quantities. The residence times of A and 
K,  using these values of @ ( A )  and C ( A , K )  
would be 6.4 days and 0.9 days. Although con- 
siderable uncertainty exists with respect to 
numerical values of D,, D(K,) and D(K,) it is 
unlikely that they are as large as estimated by 
Kung (loc. cit.) and we shall therefore restrict 
our calculations to smaller values. 

Assuming that D = Db we can compute the 
values of the annual mean and the amplitudes 
and phases of the Fourier components of D(K,), 
D(K,),  C ( A ,  K), and G ( A )  from the known 
values of C(K,, K,), A ,  K ,  and K, using the 
equations (4.5). The results of such a calculation 
are given in Table 6 including only the first 
Fourier component under heading A. These 
values were computed using the values of D 
listed in Table 5. In  view of the fact that the 
horizontal variation of e and C, in (4.6) is 
considerably smaller than that of Vu,o it is 
interesting to make a calculation in which C, 

Table 6. Calculation of mean valuea and jirst component in three caae8 using different 
values of  dissipation 

A B C - 
1 1 1 

0 __L_ 0 - 0 P 

n I", Fl Y1 Fo Fl Y1 F, Fl Y1 

a A )  21.0 12.8 328 37.2 16.5 2 18.6 9.3 354 
C ( A ,  K )  21.0 10.4 336 37.2 15.9 12 18.6 8.2 5 
C(K.y, KIM) 22.1 12.2 18 22. I 12.2 18 22.1 12.2 18 
D W , )  - 1.1 8.8 252 15.1 3.8 1 - 3.5 4.4 214 
DW,) 22.1 12.2 24 22.1 12.2 24 22.1 12.2 24 
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and e are constant. Calculation B listed in Table 
6 was made using e = 1.3 x lo-' tm-a and C, = 

3 x lo-* simulating the values used by Phillips 
(1966), while calculation C was made using a 
total dissipation half the value in calculation B. 

We shall next compare the values appearing 
in Table 6 with independent calculations of 
C(A,  K) and @(A) .  Calculation B is inconsistent 
with the results obtained by Krueger et al. 
(1965) because the mean value of Q(A, K) is too 
large. Calculation C, on the other hand, is in 
reasonably good agreement with these results 
(see Table 4) because both the annual mean 
value and amplitude and phase of the first 
component are of the same order of magnitude. 
The agreement between the results in calcula- 
tion A and the results from observational stu- 
dies is less Satisfactory with respect to C ( A ,  K) 
mainly because of the phase angle yl. Comparing 
the values of @ ( A )  obtained by Brown (1964) 
giving Q, =9.5 x lo-' kjm-a sec-l, Bl =5.2 x 

lo-' kjm-2 sec-1 and y1 =334 days we find 
somewhat better agreement with calculation A 
than with calculation C again judging on yl, 
but it should be realized that the values based 
on observations are obtained for four months 
only. In  short, the calculations A and C com- 
pare about equally well with observational stu- 
dies in most respects. 

Concluding this section we shall finally men- 
tion that analogous calculations can be made 
when we subdivide in the four energy reservoirs 
A,, A,, K ,  and KE. In  this case we must again 
estimate the kinetic energy dissipations D(K,) 
and D(KE) from empirical formulas and use the 
observational studies of C(A,, A,) and C(K,, 
K,). We are then able to compute the annual 
mean values and the Fourier components of 
C(A,, K,), C(A,, K E ) ,  B ( A )  and B(A,). Such a 
study is presently in progress. 

5. Energy spectra 

Several investigations have been made of 
the energy spectra for the large-scale, geostro- 
phic flow in the atmosphere. Ogura (1958) found 
that the momentum transport qE where u, and 
v, are the deviations from the zonal averages 
u, and v,, is small compared with ui and & for 
sufficiently high wave numbers. This conclusion 
is supported by the results obtained by Wiin- 
Nielsen et al. (1963) who computed the momen- 
tum transport as a function of wave number. 
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Fig. 20. The first and second Fourier component 
and their Bum for C(K,, K,). 

Horn & Bryson (1963) investigated the relation 
between the eddy kinetic energy KE and the 
wave number n and found that the spectrum 
of K E  can be approximated by a relation KE = 

~ . n - ~  where a and b are constants determined 
by regression calculations from the data. The 
relation KE = ~ . n - ~  was fitted to the data after 
the energy spectrum was subdivided into two 
claases, one containing the smaller wave num- 
bers and the other the larger wave numbers. 
Two different regression lines were calculated, 
one for each group of wave numbers, and it was 
found that the power law approximates the 
data quite well for the group containing the 
larger wave numbers. The values of b deter- 
mined by Horn & Bryson (1963) range from 2.3 
to 2.9 with an average value of slightly less than 
8f3. They found furthermore that the values of 
b in general are larger in the upper troposphere 
(30 cb) than at lower elevations (50 and 70 cb). 
The investigations made so far have been 
restricted to data samples of less than one year, 
and all investigators suggest the desirability of 
further investigations. In  this section we shall 
describe the results obtained by an analysis of 
the spectra for the period February 1963- 
January 1964. This period is not only longer 
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than those represented by earlier investigators 
but we have also a higher vertical resolution 
using eight data levels. 

We shall first investigate the spectrum of 
eddy kinetic energy KE as a function of longi- 
tudinal wave number n. The spectrum KE(n) 
was computed for each day of the period 
February 1963-January 1964. The mean 
spectrum for the year was obtained by averaging 
the daily spectra. The procedures used in the 
calculations are described in Wiin-Nielsen Bt 
Drake (1965). In view of the fact that we want 
to f i t  the empirical relation to the data we 
write the relation in the form 

log K E  = log a - b log n, (5.1) 

log a and b may then be determined by simple 
linear regression techniques. 

When log KE is plotted as a function of log n 
i t  is clearly seen that the portion corresponding 
to large values of n can be approximated by a 
straight line. Fig. 21 shows that the partitioning 
in the two regimes takes place around wave 
number 7. The straight line on the right hand 

2 c  

w 
Y 

m 
_I 

15 

I 0  

2 3 4 5 6 7 8 9 1 0  I214 
n 

Fig. 21. The eddy kinetic energy K ,  for the total 
atmosphere as a function of wave number n plotted 
on logarithmic scales. 

2 3 4 5 6 7 8 9 1 0  12 14 

n 

Pio. 22. The mean flow kinetic enernv K . ,  for the -“ ‘“1 

total atmosphere as a function of wave number n 
plotted on logarithmic scales. 

side of Fig. 21 was obtained using the data 
8 4n 4 15 and has a slope of b = 2.8 which is in 
good agreement with the mean value obtained 
by Horn & Bryson (1963). The regression line 
fitted to the wave number group 1 < n  4 7 is 
not intended to show any linear relation in this 
range, but shows merely the change in the 
relations in the two groups. Even if the regres- 
sion line for the group 8 < n 4 15 is a good 
approximation to the observed data it should be 
realized that errors will occur if we want to use 
the regression line to estimate the energy. 
However, no error is larger than 10 % of the 
observed kinetic energy K,(n). 

It is of interest to investigate if the spectral 
relation found for KE also holds for the baro- 
tropic and baroclinic components of the atmo- 
spheric flow. The barotropic component is de- 
fined as the vertical mean flow, while the ba- 
roclinic component is the deviation from the 
vertical mean flow (Wiin-Nielsen, 1962). The 
data for the kinetic energy in the wave number 
regime of KM and K,  were treated as described 
above for KE, and the data are presented in 
Figs. 22 and 23, showing that the spectra 
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Fig. 23. The shear flow kinetic energy K, for the 
total atmosphere as a function of wave number n 
plotted on logarithmic scales. 

K,(n) and Ks(n) can be approximated with good 
accuracy using relations of the type (5.1). We 
find that the regression line for K ,  has a larger 
slope than the line representing KE, while the 
slope for K ,  is smaller than for KE' The effect of 
forming the vertical average is therefore as one 
would expect that relatively small amounts of 
energy are left on the smaller scales of motion. 
The smaller slope for K, is most likely due to 
the influence of the smaller scale motion which 
is present in the lower part of the troposphere. 
It is, however, quite clear from the figures that 
the partitioning in all three spectra is of the 
same nature with the power law applying in the 
range 8 <n < 15. 

The results described in the preceding para- 
graphs are in agreement with the study made 
by Horn & Bryson (1963) both with respect to 
the slope of the regression line for K E  in the 
range 8 <n < 15 and with respect to the wave 
number which divides the spectrum into two 
portions. It is not evident a t  the present time 
why the partitioning takes place and why the 
slopes have the observed numerical values. The 
fact that the atmosphere is baroclinically 
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unstable with a maximum instability around 
n = 6  is undoubtedly related to the form of the 
spectra. From a two level quasi-geostrophic 
model one finds that all waves are stable pro- 
vided the wave number n is sufficiently large. 
The critical wave number n, is determined from 
the relation 

where a is the radius of the earth, f the Coriolis 
parameter P = 50 cb and (I = - u alnO/ap the 
static stability. For Q = 45" N, f = lo-' sec-1 and 
u = 2.5 MTS-units we get n, = 8 indicating that 
the waves 8 <n < 15 correspond to the stable 
waves in the atmosphere. It is thus tempting 
to use the analogy that this range of wave 
numbers is similar to the equilibrium range in 
homogeneous turbulence in which there is no 
direct conversion from available potential to 
kinetic energy, and where the form of the 
spectrum is determined by the frictional dissi- 
pation and non-linear exchange processes. How- 
ever, a much more detailed study of these ex- 
change processes combined with a deeper under- 
standing of frictional dissipation is needed be- 
fore such an analogy can be established. The 
analogy is furthermore not complete because 
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Fig. 24. The available potential energy A for the 
total atmosphere aa a function of wave number 1~ 
plotted on logarithmic scales. 
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Table 7. Values of the slope b as a function of pressure for the eddy kinetic energy KE 

p ... 20 30 50 70 85 100 

b + 2.8 + 3.1 + 2.9 + 2.6 + 2.4 + 1.9 

the homogeneous turbulence theory gives b = 

+ 1.7, a value smaller than found in these 
studies of the large scale motion. 

We note finally that the eddy available poten- 
tial energy A, should display similar partition- 
ing of the energy if the description given above 
is correct. Fig. 24 shows the data for A, and the 
regression lines fitted to the observed data. We 
find a regression line for 8 < n 4 15 with a value 
of b =3.2.  

It has been noted by Horn & Bryson (1963) 
that the slope b tends to increase with decreasing 
pressure. They investigated the three levels 70, 
50 and 30 cb at three latitudes 25, 45 and 65" N. 
Although our date are averaged over all lati- 
tudes from 20" N to the Pole, it is nevertheless 
possible and of interest to investigate the de- 
pendence on pressure. The values of b are given 
in Table 7 for the various pressure levels. It is 
seen that 6 in general increases with decreasing 
pressure confirming the earlier results and in- 
dicating that we in general find relatively more 
energy on the smaller scales in the lower part of 
the troposphere. We may also investigate the 
variation of b with pressure for A,. The results 
of this investigation are given in Table 8. We 
find again a general increase of b with decreasing 
pressure in agreement with the results for K,. 
The relatively small value of b in the layer 20-30 
cb is related to the relatively small amounts of 
A, in this layer. 

It has been pointed out by Ogura (1957) that 
the spectral distribution of energy is influenced 
by the finite difference techniques which are 
employed when the geostrophic winds are cal- 
culated from the height field. Although the 

spectral distributions in this study were ob- 
tained by a one-dimensional Fourier analysis of 
the streamfunction, along the latitude circles 
we are nevertheless using finite difference 
techniques in the meridional direction, and our 
energy data should therefore be corrected for 
this effect. Due to the complexity of the nu- 
merical technique which has been applied, i t  is 
not possible to find a simple influence function 
as the one used by Ogura (1958) in his study of 
the spectra a t  30 cb. It can, however, be seen 
from Ogura's study (loc. cit.) that the correctioi 
will tend to decrease the value of the slope b. 

We should furthermore stress that our energy 
data are obtained from numerically analysed 
maps which have been smoothed using various 
smoothing operators, Shuman (1957). Since the 
smoothing operators are designed to eliminate 
small scale irregularities in the analysed fields, 
and since it is extremely difficult to construct 
filters which leave the longer waves unaltered, 
it is possible that the smoothing will change the 
spectral distribution of energy for the high 
wave numbers. It is the purpose of the following 
paragraphs to illustrate this effect by a simple 
example. 

Let 11s consider an elementary one-dimen- 
sional operator of the form: 

@ = ? # + a -  as?# 
a1' ' (5.3) 

where y is the streamfunction, 1 is longitude 
and a is a constant. Let the streamfunction 
at  a certain latitude and pressure have a Fourier 
expansion 

Table 8. Values of the slope b as a function of pressure for eddy available potential energy A,  

Layer ... 10-15 1&20 20-30 30-50 50-70 7&85 85-100 

b 3.3 3.5 2.7 3.5 3.3 2.8 2.4 
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Fig. 25. Solid line and circles reproduced from Fig. 
21. Dashed line and crosses are data of kinetic 
energy corrected for smoothing by a simple 
smoothing operator. 

00 

y = y o  + Z. [ A ,  COB (nn) + B, sin (7~41. 
n=1 

(5.4) 

Substituting (5.4) in (5.3) we find that the 
Fourier expansion of y is 

0 =yo + 2 [(1 -an’) (A, COB ( n ~ )  + B, sin (%A))]. 

(5.5) 

00 

n = l  

a is determined in such a way that the amplitude 
of a certain wave number n =n* is reduced to 
zero. We find 

1 
a=,. (5.6) 

n* 

The kinetic energy of the meridional com- 
ponent of the wind per unit area and per unit 
pressure interval is 

while the corresponding kinetic energy l? cal- 
culated from the smoothed streamfunction is 

(5.8) 
We find thus that 

I f  the operator (5.3) was applied to the “true” 
analysis we would thus find values of the kinetic 
energy R, smaller than the ‘‘true’’ values K,,. 
Assuming that we use (5.3) we can correct the 
calculated values of Rn by multiplying these 
values by (1 - (n*/n;))-’. To see how much this 
can influence the regression line fitted to the 
data 8 d n d 15 we have corrected the computed 
values for KE in Fig. 21 and determined the 
regression line for the corrected data using n* = 

36. The original data, denoted by circles, and 
the corrected data, denoted by crosses, are 
entered on Fig. 25 together with the two regres- 
sion lines. The slope changes from b =2.8 to 
b = 2.5. Although the example illustrates the 
influence of a simple smoothing operator, it is 
likely that the more complex operators used 
on the analysed fields will have a similar effect. 
Due to the special care which is taken to avoid 
a significant reduction of the amplitude of the 
larger scales it is, however, likely that the effect 
will be smaller than the change found in our 
example. 

6 .  Concluding remarks 

It has been attempted in this study to make 
a rather detailed analysis of the variation of 
energetical quantities through one year and to 
estimate the energy conversions, generations 
and dissipations consistent with the computed 
quantities. The study may be considered aa a. 
first step in the direction of obtaining a climato- 
logy of atmospheric energetics. A comparison 
with other available studies baaed on longer 
time periods, but smaller vertical resolution adds 
confidence to the results obtained for a single 
year. 

Any observational study will normally focus 
the attention on a number of problems which 
require a solution. One of the most interesting 
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problems presented by the results of this study 
is the general behavior of the energies and 
energy conversions through the year, in par- 
ticular the asymmetries relative to the solar 
cycle. It is evident from Table 2 that the maxima 
in all forms of energy occur about one month 
after the winter solstice. A first step to repro- 
duce the annual variation from a numerical 
experiment has been made by Kraus & Lorenz 
(1966), who were able to obtain a lag of the right 
order of magnitude from a relatively simple two 
level model including seasonal variations in the 
forcing function. One of the more surprising 
aspects of the energy conversions is the tendency 
for a maximum in C(K,, K,) during the fall. 
This phenomenon which was present in both 
1962 and 1963 has not been explained by the 
numerical experiments, but i t  should be possible 
to  reproduce it using a model similar to the one 
employed by Kraus & Lorenz (loc. cit.) 

The indirect calculations presented in section 
4 leave much to be desired. The most important 
problem is to relate the frictional dissipation to 
the atmospheric flow, and to obtain better 
knowledge of frictional dissipation in the so- 
called free atmosphere aa compared to the 
atmospheric boundary layer. It is characteristic 
for studies of the atmospheric energetics that  
our knowledge is still very limited concerning 
the most basic part of the atmosphere: the 
intensity of the general circulation, which could 

be measured by G ( A ) ,  C ( A ,  K) or D ( K ) .  None 
of these quantities are known with great ac- 
curacy including the yearly mean values and 
the annual variation. 

The results of the empirical studies of the 
energy spectra seem to indicate that the range 
of wave numbers 8 Q n  < 15 forms a group for 
which a simple power law gives a good approxi- 
mation to the spectra. These wave numbers 
coincide with the waves which are either baro- 
clinically stable or only slightly unstable ac- 
cording to stability theories. Although there are 
reasons to believe that the partitioning of the 
energy spectra is caused by the stability proper- 
ties of the atmospheric flow, it has not yet been 
possible to account for the numerical value of 
the exponent in the power law. 
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