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ABSTRACT

The annual cycles in the atmospheric storage and in the meridional transport of energy are discussed.
The calculations are based on a five-year sample from more than 500 radiosonde stations mainly located
in the Northern Hemisphere. All statistics represent values integrated vertically between the earth’s surface

and 75 mb and horizontally along a latitude circle.

Several new and interesting features of the eddy and mean transports of potential energy, sensible heat,
latent heat and kinetic energy become apparent by the breakdown according to calendar month.

In December through February more than half of the sensible heat is transported poleward by the
standing eddies. The transient eddy heat flux does not peak in winter but in April and November.

The strong annual cycle in the tropical Hadley circulation does not contribute to the poleward transfer

of energy for the year as a whole.

1. Introduction

The meridional transport of energy forms one of the
important links in the energy cycle of the atmosphere.
While radiational cooling and sensible plus latent heat
exchange with the earth’s surface tend to give an excess
heating at low and a deficit at high latitudes, the pole-
ward transport of energy maintains the climatic
balance. Of these effects the atmospheric transport can
be determined perhaps most accurately, at least in the
Northern Hemisphere, because of the elaborate system
of radiosonde stations in existence.

The annual mean conditions of the general circula-
tion are never realized during the course of a year due
to the continuous change in solar declination. Thus, it
is well known that there are large differences at all
latitudes between the basic winter and summer circu-
lation regimes. To investigate these differences we have
undertaken a study of the vertically integrated meri-
dional transport of energy for each calendar month of
the year. The results are described in the present paper.

The total energy will be divided into its four compon-
ents; these are the potential energy, the internal energy,
the latent heat and the kinetic energy. Before the dis-
cussion of the main topic of the paper (i.e., the energy
fluxes) we shall first consider the actual month-to-
month changes in the storage of energy in the atmo-
sphere (Section 3). Then will follow the discussion of
the meridional fluxes of energy by the mean meridional
circulation and by the large-scale horizontal eddy
motions (Section 4). The transports by the mean meri-
dional circulations are difficult to evaluate but a
knowledge of them is essential for an understanding
of the total transfer. These circulations were discussed

in detail in an earlier paper (Oort and Rasmusson, 1970;
this paper will be referred to as ORa in what follows).
Finally, estimates of the radiational cooling by London
(1957) and of the upward fluxes of latent and sensible
heat at the earth’s surface by Budyko (1964) will be
compared with the computed energy convergence due
to horizontal motions and also with the observed rate
of change in energy content (Section 5).

The results given in this paper have been derived
from five years of general circulation statistics. These
statistics were calculated using an extensive network
of radiosonde stations over the Northern and Southern
Hemisphere tropics from what is known as the MIT
General Circulation Library. The transports for the
twelve calendar months were analyzed in exactly the
same manner. This makes a strict comparison possible
between the results for the different months of the year.
The overall consistency in analysis techniques as well
as the uniform character of the basic data set are im-
portant and relatively new features in general circu-
lation studies.

2. Data and method of analysis

The basic data set came from the MIT General
Circulation Library. This library contains daily radio-
sonde observations for about 500 regularly reporting
stations over the Northern Hemisphere for the period
May 1958 through April 1963. The data were collected
and processed by the Travelers Research Center, Inc.,
(TRC) at Hartford, Conn., for Prof. V. P. Starr at the
Massachusetts Institute of Technology (MIT). This
imaginative project was supported by several grants
from the National Science Foundation. Some 40 im-
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TF16. 1. The annual variation in the energy content of the
atmosphere. The integration is carried out over the Northern
Hemisphere between the surface and 75 mb. The annual mean
values of potential energy, internal energy, latent heat and kinetic
energy are 345.4, 1018.4, 38.9 and 0.72X10% cal, 1espectively.

portant additional stations in the tropics were kindly
supplied by Prof. R. E. Newell and Dr. J. W. Kidson,
also of MIT. At 1000 mb we used the analyses of
Crutcher et al. (1966) for the mean wind field.

From the raw radiosonde reports for each station
five-month mean statistics were computed (i.e., all
January data from the five-year period were used to
estimate the average for a typical January month, etc.).
Next the necessary parameters were machine-analyzed
on a polar stereographic grid at 11 levels between 1000
and 50 mb. Zonal averages were calculated, and as a
last step these averages were vertically summed for
the layer from the surface up to 75 mb. The vertical
integration was only carried up to 75 mb because the
reporting frequency of many stations deteriorated
markedly above 100 mb. A smoothed topography was
taken into account. For a more extensive discussion
of the data sources and analysis procedures the reader
is referred to ORa. Extensive tabulations (from the
surface up to 50 mb) and vertical cross sections of the
basic zonal-mean parameters from which the present
results are derived by vertical integration will be
published separately (Oort and Rasmusson, 1971; we
shall refer to this paper as ORb). The humidity statistics
in this paper were very kindly supplied by the author’s
colleague, Dr. Eugene M. Rasmusson.

3. Month-to-month changes in energy content

The following notation will be used throughout the
paper:
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PE=gz potential energy
IE=c¢,T internal energy
SH=c¢,T sensible heat
LH=Lq latent heat

KE= (u*+)/2 kinetic energy

A=(la—t)! / Adt  time average
151

A'=A—4A deviation from time average
27

[4]=(2nr"1 / Ad\x  zonal average
0

A*¥=A4-[4]

deviation from zonal average

zt
(A)y=(zc~20)" / Adz  vertical average
0

A'"=A4—(4) deviation from vertical average

A longitude e radius of earth

¢ latitude g acceleration due to
gravity

z  height of isobaric ¢, specific heat at constant

surface volume

p  pressure ¢p specific heat at constant
pressure

p  density L heat of condensation

T temperature u,0 west-to-east and
south-to-north
wind
components

g  specific humidity

Averaged over the vear the total energy content
of the Northern Hemisphere below 75 mb is 1.403X 10%
cal. The potential energy, internal energy, latent heat
and kinetic energy contribute, respectively, 24.6, 72.6,
2.8 and 0.059, to the total energy. The annual varia-
tion in the energy is shown in Fig. 1. Only the kinetic
energy has a maximum in winter while all other com-
ponents have a peak about 1.5 months following the
summer solstice. Adding up the different energy com-
ponents the amplitude of the annual variation amounts
to 2.3%,. Another interesting effect is the difference in
curvature of the PE+4-IE4LH-+KE curve in summer
and in winter. During winter, uniform conditions appear
to prevail for a longer period than during summer.

The energy as a function of latitude and month is
presented in Table 1. As mentioned before, all values
are integrated from the surface up to 75 mb and over a
zonal strip 1° latitude wide.! The rates of change of

1Tt is rather surprising that the quotient of the vertical integrals
of the potential and internal energy varies between 0.33 and 0.35,
instead of being exactly equal to R/c,=0.40 as one might expect.
To explain this discrepancy one has to go back to the original
derivation of the relation between PE and IE. The potential
energy of a vertical column between the surface and the “top”
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potential energy, internal energy, latent heat, kinetic
energy and total energy are shown in Fig. 2. Since the
values are calculated for latitude strips and not per
unit mass, the effect of the decrease in length of a
latitude circle from equator to pole is clearly notice-
able. The diagram shows that the energy content in
middle latitudes changes most rapidly in May and
October. It is also of interest to note that the annual
cycle at these latitudes does not have a regular sinu-
soidal shape. The time difference between largest posi-
tive and largest negative change is about 4.5 months
in summer and 7.5 months in winter. Near the equator
there is a clear semiannual variation in the rates of
change of internal energy and of latent heat.

The energy content above 75 mb cannot be evaluated
from our data. However, using the 1962 U. S. Standard
Atmosphere we derive for the layer between 75 and
1 mb a density-weighted mean temperature and geo-
potential height of approximately 223K and 24 km.
For the Northern Hemisphere this would be equivalent
to an additional 110X 10% and 73X 10% cal in the form
of potential and internal energy, respectively (compare
Fig. 1).

4. Annual cycle mean and eddy fluxes

A knowledge of the meridional convergence of energy
is, of course, necessary in order to be able to account
for the observed structure of the atmosphere. In Section
5 we shall consider the other factors which together
with the heating due to horizontal advection determine
the structure.

The horizontal flux of energy passing through a
latitudinal wall can be written as (see e.g., Starr, 1951)

F=Fpp+ (Freg+W)+Fru+Fkg,

where W =/f pudxdz expresses the work done by the
air south of the wall on the air north of it through the
action of pressure forces. The flux of internal energy
and the work term can be taken together as the flux
of sensible heat. In general, the flux of kinetic energy
is much smaller than any of the other fluxes. Never-
theless, for completeness, estimates of this flux are in-

of the atmosphere is given by

£j Pg 2dz.

Because of poor data coverage above 100 mb, the top level of
integration was in this study chosen at 75 mb. Making use of the
hydrostatic relation and the ideal gas law one can then derive

f * o PEdz=Rc,~ f * o IEdz— puastposo.
29 Zo

The last two terms which cause the discrepancy are of opposite
sign and are equal to the products of the pressure and the height
at the top and bottom levels, respectively. In our case the main
contribution is from the first term, — p.2;. One can verify that this
term contributes —1.4X 10% cal at the equator. The second term,
20%0, is due to the topography of the earth’s surface. Its contribu-
tion is smaller than that of the first term. However, the deviation
from the R/c, relation due to the topography is important since
it will always be present independent of the height of the top level.
In latitude belts with extensive mountain ranges, such as in the
vicinity of 30N, it contributes ~0.5X 10% cal.
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F16. 2. The variation with latitude of the month-to-month
changes in energy content (10'® cal month™) of the atmosphere,
integrated between the surface and 75 mb and over a latitude
strip 1° wide.
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TABLE 1. The energy content (10% cal) of the atmosphere as a function of latitude and month of the year
integrated between the surface and 75 mb for strips 1° latitude wide.
POTENTIAL  ENERGY (1020CAL FOR 1° LAT BELT)
108 58 €9 SN 10N 15N 20N 25N 30N 35N 40N 45N 50N O8N 6NN 65N 70N TSN
JAN 6411 6,18 6,20 6,17 6.10 5,99 5,80 5,58 5,18 4.82 4,45 4.08 3,67 3,25 2,81 2,35 1.89 1.42
FEQ 6411 6,18 6,20 6.17 6,11 5,99 5,80 5,58 5,18 4.82 4.45 4.08 3,68 3,25 2.81 2.35 1.89 1.42
MAR  6.11 6,18 6,20 6.17 6,11 5,99 5,81 5,55 5,20 4,83 4,47 4,10 3,70 3.27 2.83 2.36 1.90 1.43
APR 6412 6,18 6.20 6,18 6.11 5,99 5,81 5,57 5,23 4,88 4.52 4,15 3,75 3.32 2.87 2.40 1.93 1.45
MAY 6413 6,19 6.21 6.19 6,12 6,00 5.83 5,60 5.27 4,93 4,58 4.21 3,80 3,37 2,92 2,45 1.97 1,49
JUN 6411 6.19 6.21 6.19 6,12 6,01 5,85 5,63 5,32 4,99 4,64 4.27 3.86 3.42 2,96 2.49 2.01 1.51
JUL 6:11 6,18 6.20 6.18 6,11 6,00 S.84 5,64 5.3% 5,03 8,69 4.31 3,89 3,45 2,99 2.52 2.03 1,53
AUG 611 6.18 6.20 6,17 6,11 6,00 5,84 5,63 5.34 5,03 4,69 4,32 3,89 3,44 2,98 2,50 2.01 1.52
SEP 6411 6,18 £.20 6.17 6,10 5,99 5,84 5,63 5,32 5,00 4,65 4.28 3,85 3.40 2.94 2,46 1.97 1.49
ocT 6411 6,18 6.20 6417 6.10 5,99 5.83 5,61 5.29 4,95 4,60 4.22 3,79 3,38 2,88 2,41 1.94% 1,46
NOV 6,10 6,18 6.20 6.17 6,10 5,99 5.82 5,58 5,25 4.89 4,53 4.15 3,73 3,29 2,84 2,38 1.91 i.44
DEC 6431 6.18 6.20 6.17 6.11 5.99 5,81 5.56 5.21 4.85 4.48 4.10 3.68 3.25 2.81 2.35 1.89 1.43
YEAR 6411 6,18 6.20 6.17 6.11 5,99 5.82 5,59 §.26 .92 4,56 .19 3,77 3,38 2.88 2.42 1.94 1.66
INTERNAL ENERGY
108 55 [ 1] SN 10N 15N 20N 25N 30N 35N 40M 45N SON 55N 60N 65N 70N 75N
JAN 18,21 18,41 18,50 18,45 18,27 17,85 17.20 16,26 14,80 13.68 12,72 ll.9i 10.86 9,69 8.40 7,01 5,64 4,26
FEB 18.21 18,41 18,50 18,44 18,26 17,85 17.19 16.26 14.81 13,68 12.73 11.93 10,88 9,72 8.42 7,02 5,65 u.27
MAR 18,21 18,41 18,50 18,45 18,28 17,87 17,23 16,30 14,85 13,73 12.79 11.99 10,94 9,76 B8.45 7,05 5,67 4,29
APR 18,20 18,42 18,51 18,46 18,30 17,90 17.28 16,38 14,96 13,86 12.93 12,16 11.09 9.90 B8.58 7.17 5.77 &.36
MAY 18,20 18.43 18,53 18,47 18,32 17.95 17.37 16,50 15.09 14,01 13.09 12,30 11.26 10.05 8.73 7.31 5.90 &4.46
JUN 18,16 18,39 18.49 18,44 18,29 17,95 17.42 16.60 15,23 J4.17 13,26 12.47 11.40 10,20 8,87 7.44 6,01 4,56
JUL 18,18 18.36 18,47 18,41 18,26 17,93 17.42 16,66 15,31 16,29 13,39 12,59 11,51 10,30 8496 7.52 6.07 4.60
AUG 18414 18,37 18.47 18,42 18,27 17,94 17,42 16,64 15,32 14,29 13.39 12.59 11.50 10,28 8.93 7.48 6.0% 6,57
SEP 18,14 18,38 15,48 18,43 18,28 17,94 17,81 16,60 15,25 14,19 13,27 12,45 11,37 10,15 8.80 7.36 5.93 4,48
OCT 18,17 18,39 18,49 18,43 18,28 17,92 17,35 16,50 15.11 14,02 13.08 12.27 11,19 9,98 B.64 7,22 5,81 4,39
NOV 18.17 18.39 18,49 18.44 18,27 17,88 17.27 16,39 14,96 13.85 12.90 12,08 11,01 9.82 8.50 7.10 5.72 .33
DEC 18.19 18,40 18,50 18,44 18.27 17,86 17.22 16,30 14.86 13.74 12.78 11.97 10.91 9,73 B8.42 7,03 5.66 .28
YEAR 18.17 18,39 18.49 18,43 18,27 17,90 17.31 16,44 15,04 13,96 13,02 12.22 11,15 9,96 8,64 7,22 5.82 4,40
LATENT HEAT
105 55 EG 5N 10N 15N 20N 25N 30N 35N 40N 4SN SON 55N 60N 65N TON 75N
JAN 118 1.19 1.,18 1.09 «94 77 61 48 35 27 21 «17 «13 .10 .07 +05 «03 .02
FEB 1,18 1,20 1,18 1,08 92 .75 61 48 «35 27 21 .16 .12 09 .07 05 +03 .02
MAR 1417 1,23 1,23 1413 496 .79 .65 .51 .38 .29 .22 .18 .13 .10 .07 .05 .03 .02
APR 1,16 1,26 1,28 1.20 1,05 .89 «75 +60 <45 «35 27 22 «18 .14 .10 .07 +04 03
MAY 1,07 1,21 1.28 1.25 .15 1,01 86 70 «54 43 35 +30 .24 19 14 .10 .07 <04
JUN .96 1,09 1.18 1,20 1,16 1,09 1.00 +P6 268 «55 45 39 «33 .27 21 .16 11 <07
JUL 092 1,05 1,16 1.20 1,19 1,18 1,05 «93 .77 «66 «55 o8 41 34 28 21 «15 .10
AUG o489 1,03 1,16 1.19 1,20 1,16 1,08 .96 .79 .67 .56 .48 40 .33 .26 ,19 .14 .09
SEP «93 1,05 1.15 1.20 1.19 1,14 1.0S5 91 «73 +58 46 «39 «31 .25 .19 14 10 <06
ocY «98 1,10 1,19 1.22 1.16 1,06 93 77 «59 46 +36 29 22 .17 13 »09 «06 204
NOV 1.03 1,12 1.21 1,21 .11 «95 79 63 47 +36 .28 22 .17 .13 +09 «06 +0u .03
DEC 1.12 1,19 1.22 1.16 1,02 «85 +68 53 +39 «30 23 .19 +14 .11 .08 05 »03 .02
YEAR 1.05 1,14 1,20 1.18 1.09 .97 +B4 70 «54 43 «35 29 «23 .18 18 .10 .07 «05
KINETIC ENERGY
108 5% EQ SN 10N 1SN 20N 25N 30N 35N 40N 45N SON 55N 60N 65N TON TSN
JAN .003 ,004 ,008 ,005 ,006 ,008 ,0l16 ,027 .033 ,030 ,022 .017 ,013 ,0tf .008 ,006 ,00S5 .0O4
FEB .003 ,004 ,008 ,005 .005 ,008 ,016 ,028 ,LO034 .030 ,021 .015 ,012 ,.010 .008 .006 ,005 ,003
MAR .003 ,003 ,004 ,004 ,005 ,007 ,Ol4% ,02¢ ,029 ,026 ,L020 .O014 L0131 ,009 .OO7 ,005 ,004 ,003
APR »003 ,003 ,003 ,003 .00 ,006 ,L,O011 ,017 .020 .019 .016 .O14 ,012 ,009 .L.O0O7 ,005 ,003 .002
MAY  ,004 ,003 ,003 .003 .004 .00% ,007 ,010 .013 .01% ,013 .012 ,010 ,008 .006 .00 ,003 ,002
JUN  .00% .004 .004 ,004 ,00% ,004 ,00% ,005 ,008 011 ,011 .010 .009 .007 ,005 ,00% ,003 ,002
JuL .004 ,004 ,004 ,005 ,005 ,005 ,005 ,.004 .0O4 ,007 ,010 .0i0 .008 ,006 .OO4 ,003 .003 ,0O02
AUG +004 ,004 ,004 ,00S ,005 ,005 ,004 ,004 .0O4 .007 ,010 .O011 .010 ,008 .005 ,004 L003 .002
SEP «003 ,004 ,004 LO04 L0004 ,004 ,O0O4 ,004 .006 ,L009 ,012 .O013 .0%2 ,009 .007 .005 ,003 .002
ocT  .003 ,003 ,003 .003 ,003 ,004 .005 ,007 .011 .013 .015 ,015 ,014 ,0tl ,008 ,005 .004 003
NOV .003 ,003 ,003 ,004 ,004 ,005 ,008 ,013 .018 .020 .019 .017 ,.014 ,011 .008 .005 ,004 ,003
DEC  .003 ,003 ,003 ,004 ,005 .007 ,013 ,022 .028 ,027 ,022 .017 ,01% ,010 .007 .005 ,004 .003
YEAR «003 ,003 .004 L0004 ,.004 ,006 .009 ,014 .017 ,018 ,016 .O01&% ,o0if ,009 .00O7 ,005 .004 ,0O3
TOTAL ENERGY
105 5§ EG SN fON 1SN 20N 25N 30N 35N  4ON 45N SON SSN 60N &SN TON TSN
JAN 25,49 25,78 25,89 25.71 25.32 26,62 23.63 22,31 20,38 18.80 17,41 16,17 14,67 13,04 11,28 9.42 7,56 5.71
FEB 25.51 25,78 25,87 25,69 25,29 24,52 23,62 22,30 20,38 18,80 17,41 16,18 14,69 13,07 11.31 9.43 7,57 5,70
MAR 25.49 25,82 25,94 25,75 25.35 24,66 23,70 22,38 20.45 18,88 17,50 16.28 14,78 13,14 11.36 9,47 7,60 5.74
APR  25.48 25,86 26,00 25,R4% 25,46 24,79 23,86 22,57 20,66 19,11 17,74 16.53 15,02 13,37 11.56 9.64 7T.74 5,85
MAY 25,41 25,83 26,02 25.92 25.59 24,96 24,07 22,82 20,91 19.38 18,03 16.82 15,29 13,62 11.80 9.86 7.94% 6,00
JUN 25,23 25.67 25,88 25.83 25.58 25,05 24.26 23,09 21,24 19,72 18.36 17,14 15.59 13,90 12.05 10.09 8.13 6,15
JUL  25.17 25.60 25.83 25,79 25,57 25.07 24,31 23,20 21.43 19,98 18.64 17,40 15,82 14.10 12.24 10,25 8.25 6,24
AUG 25.15 25,58 25,81 25,78 25,58 25,10 24,35 23,24 21,46 20,00 18,65 17,40 15.80 14,06 12,17 10,17 8.19 6,19
SEP 25.19 25,61 25.83 25,80 25,58 25,08 24,30 23,14 21,30 19.78 18,39 17.13 15,54 13,80 11.93 9.96 8,00 6,03
OCT 25,27 25.67 25,89 25,83 25,55 24,97 24,12 22,89 21,00 19.45 18,05 16.79 15.22 13,51 11.66 9,72 7.81 5.89
NOV 25,31 25,69 25.90 25,82 25,40 24,83 23,89 22,61 20.70 19,13 17.73 16,47 14,92 13,25 311.44 9,5 7,67 5.80
DEC 25.41 25,77 25,93 25,78 25,40 24,71 23.73 22,41 20,49 18,92 17.52 16.27 14,75 13,10 11.32 9,44 7,59 5,73
YEAR 25.33 25,71 25.89 25,78 25,47 24,86 23,98 22,74 20,86 19.32 17.9% 16.71 15.17 13,49 11.67 9.75 7.84 5.92
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cluded in the tables. The northward flux of total energy
can be rewritten as the average flux through a unit area
of the wall multiplied by the total area of the wall
(¢v), i.e.,

F=cr{g([puE])+co((pvT D+ L{Lpvg 1) +{[ovKE])},

where
¢1=2wa cose(3:—20).

Since we are interested in the details of the transfer
mechanism, we shall divide the zonal mean and time
mean fluxes into three different terms. For example,
the flux of potential energy can be written as

[pvz]=[pv][2]+o[vz J+p[0*2*].

On the right-hand side appear the contributions by the
mean meridional circulation, the transient eddies, and
the standing or stationary eddies.

a. Mean fluxes

The flux due to the mean meridional circulation is
given by

Fu=af{g((p][z])+c{[pI T+ L{LavIq])
+(IKED)-

The value of the vertically integrated mass flow,
([p7]), is very small, and only deviations from the
vertical average play a role in the transfer (see dis-
cussion in ORa). First of all one has to measure the
vertical distribution of the energy components before
the effects of a mean meridional overturning can be
evaluated. The results are illustrated in Fig. 3. The
energy increase from the surface to 900 mb is in a way

artificial; it is due to the rapid increase in volume of
the atmospheric layer because less of the volume is
taken up by mountains. Except for the layer below
900 mb the agreement with the results of Palmén et al.
(1958) is very good. It is found that specific potential
energy increases with altitude, while, on the other hand,
sensible and latent heat both decrease with altitude.
This means that the Northern Hemisphere Hadley cell
will transport potential energy northward and sensible
plus latent heat southward. Since the sum of the three
components increases with altitude, the net effect will
be an energy transport northward. In an analogous
fashion the Ferrel cell in middle latitudes will cause a
southward flow of potential energy, a northward flow
of sensible plus latent heat, and a net energy flow
southward.

The individual energy fluxes are surprisingly large
(Table 2, Fig. 4). However, compensation between the
fluxes of potential energy and of sensible plus latent
heat reduces the net transfer by the powerful Hadley
cell to a value smaller than the mid-latitude eddy
transfer. We shall see later that one cannot conclude
from this that the Hadley cell is of less importance than
the eddy circulations in the overall picture of the
energy cycle.

The net energy divergence and energy convergence
are large in the rising and sinking branches of the
Hadley cell and give rise to adiabatic cooling and heat-
ing rates of several degrees Celcius per day (see Fig.
11). The more detailed energy cycle in the Hadley cell
appears to be as follows. Latent and to a lesser degree
sensible heat are accumulated by the low-level air during
its travel along the earth’s surface from the subtropics
to the region of rising motion in the equatorial trough
zone. Latent heat is then converted into internal en-
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TaBLE 2. The meridional flux of energy (10% cal day=!) by the mean meridional circulations as a function
of latitude and month of the year integrated between the surface and 75 mb. Note the differences in the fluxes
calculated as the straight average of the 12 monthly fluxes (MEAN), and those calculated using the annual
mean analyses (YEAR). In the case of the transient and standing eddies these differences are significant (see
text) and not due to inaccuracy in the computation.

VoLuME 28

MMC FLUX POTENTIAL ENERGY

00'?cAL DAY )

105 5s €Q SN 10N 1SN 20N 25N 30N 35N 4ON 45N . SON S5N 60N 65N 70N TSN
JAN 6.7 18.4 30,8 37.5 37.2 26,5 16,0 7.9 =f.1 =10.2 =8.9 =6.5 =4.6 =l 2.4 2,8 2,1 «9
FEB Tel 23,2 40,3 44,0 38,6 26.7 15.3 5.6 =5.5 =11,1 =10,2 =7.7 =6.6 =3,.5 =7 .8 7 2.0
MAR “2,1 16.2 35,9 42.2 36.6 24,3 12,2 S.6 o1 6 1.7 2.6 2.3
APR ~18,7 =~3,7 12,3 25.2 27.3 19,0 9.2 2,0 1.0 t.4 .9 +9 o
MAY =30,6 ~20.8 =9.7 4,5 12,4 12,3 6.6 7 -3 1.2 2.3 2.4 9
JUN =39,5 =32,5 =21,8 =11.,8 =5.,1 -3.9 =8.3 -8,5 ~1.6 ~el «S 1.6 2.3
JUL 42,8 -40,3 ~30,3 ~16.1 =u,8 1.2 1.1 =5 =246 .4 9 1,3 9
AUG =40,0 =40,1 =31,1 =18.2 «7.,8 =-1.8 =1.3 =-1.4 .8 4 -2,3 2 1.1 1.9 1.9
SEP «39,2 =35,0 -26.3 ~16.,9 ~B,7 -9 4,5 7.0 2 2.4 “2.6 =1.4 e .3 «5
oCT =29,3 -23.4 -13,9 =3,0 5.0 10.1 12.6 11,6 o4 2.4 =1.8 9 1.7 1.8 2.1
NOV ~14,2 =6,8 7.5 19.2 25,2 24,2 17.8 11,2 5 1.0 ~3.9 ~1.9 o1 .9 6
DEC -1,3 11,2 2%.6 33,6 37.3 31.1 19.8 9,3 o8 ~3.6 =4.3 ~3.4 =2,6 -5 1.5 3.3 3.4 1.3
MEAN =20,3 -11.1 1.5 - 11,7 16.1 14,1 8.8 4,2 =T =3,2 =3,9 =3,6 =3.6 =~1.5 3 1.3 1.7 1.3
YEAR =20,3 ~11,1 1,5 11.6 16,1 14,1 8,8 4,2 =e7 =3.3 =3.,9 =3.6 =3,6 =1.5 3 1.3 1.7 1.3
MMC FLUX SENSIBLE HEAT
108 558 EQ SN 10N 15N 20N 25N 30N 35N 40N 45N SON 55N
JAN =4,7 =12,3 =20,5 ~24,9 =24,3 -16.9 =9.7 <=4.4 2.4 S.4 4.7 3.5 2.3 o
FEB =4,9 =15,5 =26,8 ~29.3 =25.4 =17.1 =9.4 =3,3 3.1 5.9 5.2 3.7 2,9 1.4
MAR 1.2 =10.9 =23,9 =28,1 ~24.,2 =15.7 =7.6 =-3.3 =5 1.1 1.2 -4 5 -2
APR 12,2 2,4 =B8,2 ~16.5 =17.9 -12.3 =5.6 -1.0 1.5 2.8 2.4 1.2 «9 =3
MAY 19.8 13.3 6.3 =2.8 ~8,0 =7.9 =4,0 -3 2.0 3.1 3.7 2.3 1.4 14
JUN 25,1 .20.6 14.0 7.8 3.4 2.6 5.5 5.5 3.1 1.2 1.6 1.5 1.7 1,0
JUL 26,8 25,7 19.4 10.4 3.2 -7 =6 5 1.7 1.0 .9 1.7 2.4 1.4
AUG 25,0 25,5 19.9 11,8 5.2 1.2 1.0 1.1 1.9 1,6 1.4 1.8 2.4 1,3
SEP 25.3 22,5 17.0 11,1 5.8 «7 =2,6 =4,0 =3.0 =1.3 1.7 2.9 2.7 1.4
ocT 19.1 15,0 8,9 2.0 =3.1 -6.3 =7,9 =7.1 =3.8 =-1,4 3 1.1 2.0 9
NOV 9.3 4.3 =5,2 ~12.7 =16.4 «15,5 =11,0 =6,6 ~=2,0 .6 1.6 2.2 2.7 1.9
DEC 8 27,7 16,6 =22.4 =24,5 -19.9 =-12,0 =5,3 =5 1.8 2.1 1.7 1.2 .0
MEAN 12,9 649 ~-1.3 =7.8 =10,5 =-9,0 =5,3 =-2.3 3 1.8 2.2 2.0 1.9 o8
YEAR 13.0 7.0 =1,2 =7.7 =10.5 =9.0 ~5.4 =2.4 «5 1.9 2,3 2,0 1.9 o7 ~.1 -6 =7 -6
MMC FLUX LATENT HEAT
10s 58 EQ 5N 10N 15N 20N 25N 30N 35N 40N 45N 50N 55N 60N 65N 70N 7SN
JAN =1,3 ~4.4 =3.4 =1,5 2 .9 9 6 o o1 “.1 -.1 -1 -0
FEB “1.6 =5,7 ~3,3 =1,2 .5 1.0 .9 o6 o 2 .0 =-.0 -0 =.0
MAR 6 =3,7 -2,8 =1.1 .0 o o4 .3 o1 .0 =0 =-.0 -.0 =0
APR 5.3 1.8 =2.4 =5,9 <6.7 =5.1 =3,0 =1,2 o1 o7 6 +4 3 0 ~.0 =.0 .0 =0
MAY 8.0 6.8 3.9 =7 =34 =3.,7 =2,5 =1.1 .l 6 .8 «6 o ol =l “.1 .l =.0
JUN 9.6 9.5 7.2 3.9 1.5 6 8 +8 o7 «5 o7 6 6 o3 o1 -1 ~.l -1
JUuL 10.2 11.0 9.4 5.5 2.2 «1 bt} =.6 .2 3 5 o7 .8 «5 .1 «0 =.l -.0
AUG 9.2 10.7 9.4 6.0 2.8 5 b =.6 o1 3 o4 6 .8 «S o1 ~.1 =1 =t
SEP 8,9 9.3 8,0 5.2 2.5 =e2 =2,1 =2,6 =~1.6 -6 5 9 8 o4 2 ol -0 =.0
ocT 6.5 6.7 S.1 1.9 =1,4 =3.4 =3,7 =3,0 ~1.5 =S 2 .S 6 3 =0 =1 -1 -1
NOV 3.3 2.6 =e2 «3,8 =6.7 =6.9 =4,9 =2,8 -.8 2 5 6 5 «3 o1 .0 ~.0 =.0
DEC 5 =1.9 ~4,9 =T7,6 =9.2 =-7.,6 =4,7 =2.,3 -l o4 5 o4 3 .1 =0 -.1 ~ol -0
MEAN 4.9 3.5 «9 =1,9 =3.7 =3,6 =2.5 ~-1l.4 -.2 o4 ] 6 “5 2 «0 -.0 =l =.0
YEAR S.2 3.8 1,0 ~2.,1 ~-4,0 =3,9 =2,8 =-1.5 -.2 «5 o7 +6 5 .2 .0 -1 -1 -1
MMC FLUX KINETIC ENERGY
105 58 2] 5N 10N 1SN 20N 25N 30N 35N 40N 45N SON SSN 60N 65N TON TSN
JAN «00 .01 .02 .03 «03 04 « 04 .05 ~,01 =,08 =.08 =.04 =,02 =~.00 +00 +00 «00 +00
FEB +00 .01 «03 «03 02 «03 +06 .05 -,05 =-,11 =,08 =.04 =,01 .00 +01 <00 =,0n +00
MAR .00 +01 «02 +02 «02 .03 «03 «03 =-,00 =-,04% =,05 =.02 =.00 .01 «00 .00 00 «00
APR -.00 -,00 «00 «01 «01 «02 02 =-,00 -~,02 ~,05 =,05 =.03 =-,02 =~-,00 «00 .00 .00 «00
MAY -.01 =-,08 =,00 ~=,00 «00 01 +00 400 =,00 =.,02 =,03 =.03 =~,02 ~,01 «00 .00 +00 «00
JUN =401 =,01 =,01 =,01 «~.00 ~,00 ~,0f =.04 =-,01 =,01 ~,03 -.02 -,01 <~.,01 =-.00 +00 .00 «00
JuL «,02 =,02 ~,02 =,02 =-.00 «00 W00 =,00 =,00 =-,01 =.,02 =.02 =,01% ~,00 ~-,00 =-,00 =,00 =.00
AUG -401 =,02 =,03 =,02 ~=.0f ~,00 <=.00 =-.,00 ~,00 =.01 -.,02 =.02 =~,02 =-,00 +00 +00 .00 =.00
SEP -.01 ~.02 =,02 =-,01 ~-,01 =~-.00 +00 «00 +01 .00 =-,02 =-.04 -,03 -,01 =,00 +00 +00 .00
ocT =+01 =,01 =,01 =,00 +00 +00 «01 <02 .02 .01 ~.01 ~.02 =,02 -,01 +00 .01 .00 «00
Nov -.00 =-,00 .00 .01 «01 #01 «02 .03 02 ~,00 =.03 =03 ~,02 =,01 «00 .00 +00 «00
DEC -.00 +00 «01 .02 .02 «04% «05 «06 «03 =.03 =.,05 =.03 =,01 .00 «01 <00 .00 +00
MEAN -,01 =,00 =-,00 +00 201 +01 «02 .02 «,00 -,03 =.,04 <=.03 =,02 =,00 .00 .00 <00 «00
YEAR -.01 =,00 «00 .01 +01 .01 .01 .0i -,00 =,02 =-.83 =.03 =-,01 -,00 <00 00 .00 «00
MMC FLUX TOTAL ENERGY
108 55 €0 SN 10N 1SN 20N 25N 45N 50N S5N 60N 65N 70N .7SN
JAN o7 1.7 3.2 4,1 3,5 3.0 2.0 ~2,5 =1.9 o0 1.3 1.6 1.1 ot
FEB 6 2.1 4.1 4,2 3.3 2.6 1.2 4 5 o 1.2
MAR =3 1.6 3.8 4.4 3.1 1.9 1.2 1.1 1.6 1.4
APR ~1.2 o 1.8 2,7 1.6 6 =1 5 3 ol
MAY -2.8 -7 o 1.1 .8 ol =6 1.2 1.4 .5
JUN 4,8 =2.4% ) =1 ~eT =2.0 =2,2 o1 6 1.2
JUL -5.8 =3.7 =-1.6 6 6 =l =6 6 .8 6
AUG  =5.7 =4.,0 =1,8 o1 -1 =7 =1,0 o5 9 1.2
SEP =5.1 =3.1 =1.3 -l -3 -2 o -l 2 .3
ocT =3.7 =1.7 ol 5 ot 1.0 1.6 .7 1.0 1.3
NOV = =1.6 ol 2.1 2,1 1.8 1.9 1.8 -0 o 3
DEC “el 1.7 3.1 3.7 3.7 3.1 1.8 1.3 -1.0 -l o7 1.9 2.0 &
MEAN =2.5 -7 1.1 1.9 1.5 9 o4 =1.0 ~1.2 -5 .2 o7 .9 W7
YEAR 2,1 -3 1.3 1.6 1.2 .7 3 -9 -1.2 -.6 .2 7 «9 «7
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ergy. Next the internal energy is converted into po-
tential energy and the air becomes rather cold. The
vertical transfer in this zone probably takes place in
the form of “hot” towering cumulonimbus clouds as
was proposed by Riehl and Malkus (1958). After its
arrival at high levels the relatively cold air is trans-
ported by the upper branch of the Hadley cell back to
the subtropics, where it becomes warm again in the
sinking branch of the cell. In other words, here its
potential energy is converted back into internal energy.
This cycle appears to be an efficient process for cooling
the atmosphere near the equator and heating it in the
subtropics of the winter hemisphere by adiabatic
processes. Thus, the mean circulation in the meridional
plane tends to steepen the temperature gradient in
middle latitudes necessary for the development of
baroclinic waves.

. One can pose the question as to whether the seasonal
cycle in the mean meridional circulation contributes
to the poleward transfer of energy. It would seem
plausible that during the course of a year the strength
of the meridional circulation at a certain latitude be
correlated with, for example, the vertical temperature
structure at the same latitude. If this is the case, one
should find significantly different values for the yearly
mean meridional flux of heat computed as the average
of the 12 monthly fluxes (see MEAN in Table 2) and
for the mean meridional flux computed using the yearly
mean circulation and the yearly mean temperature
structure (see YEAR in Table 2). However, the num-
bers in the table show that this is not the case. Thus,
one can conclude that the strong seasonal cycle in the
mean meridional circulation does not contribute to the
annual mean poleward flow of energy.? We shall see
later that in the case of the annual flux of sensible and
latent heat due to the standing eddies there does exist
an umportant seasonal eddy contribution.

b. Eddy fluxes

The northward flux of energy due to the transient
and stationary eddy circulations is given by

Fg=Frg+Fsg,
where

Fre=c{g(p[v's])+c (o[ VT ])
+L{p[vq D+ (p[VKE 1))
Fsg=c{ g(p[0*Z*])+c,(o[5*T*]) '
+ L[]+ (o [7* K E*])}

21t is of interest to note that there does exist at least one
parameter for which the seasonal eddy is important, i.e., the flux
of relative angular momentum (not presented here). In the case
of angular momentum we have found that there is a positive
correlation between the intensity of the Northern Hemisphere
Hadley cell and the strength of the high-level westerly flow, as
one would expect in view of the conservation: of absolute angular
momentum. This effect is most pronounced at about 10-15N.
An analogous relation was found for the Southern Hemisphere.
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Proceeding northward from the equator, the longi-
tudinal asymmetries in the circulation become more
and more important and at middle and high latitudes
they tend to dominate over the mean circulation as the
preferred mechanism of energy transfer (Tables 3 and
4, Figs. 5 and 6). However, the transfer of potential
energy by the eddies is negligible at all latitudes. Thus,
we shall limit the discussion to the fluxes of sensible
and latent heat.

(Fee)p '

(Fsu)m

S0 80° 70* 80°
(Fin)m

10°8 o 20* 30° 40° 50° 60 70°* 80°

{ Fee +Fsu+F 1u)m

MAR

MAY

10*s (o I0°N 20° 30° 40° 50° 60° 70° 80°

Fi16. 4. The annual variation of the meridional fluxes of potential
energy, sensible heat and latent heat by the mean meridional
circulation: all units 10" cal day~.
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TasLE 3. The meridional flux of energy (10t cal day™) by the transient eddy circulations as a function of
latitude and month of the year integrated between the surface and 75 mb.

TE FLUX POTENTIAL ENERGY 009 caL DAY)
108 58 EG SN 10N 15N 20N 25N 30N 35N 40N 45N S0N 55N \ 7SN
JAN 02 «0F =,02 ~.05 =,07 =~,06 =,02 =,06 =-.,18 =.24 =,25 =,19 =-,06 N4 .05
FEB »09 «06 «04 +00 =.02 =,02 =.07 =,21 =,34 =,4] =,38 ~,29 -,16 =,02 -.01
MAR W05 =.02 =.06 =07 =.07 «.10 =-.15 =,14 =e19 =417 ~,13 -,10 .01
APR -s01 =,02 <,00 01 +01 =~,01 =,04 -,1¢ —e22 =.21 =-.2n -,15 01
MAY <03 «01 «01 02 «01 =,01 =.03 =-,006 =¢21 =.23 -,20 ~,10 «.01
JUN +09 04 +02 «01 =-.,00 =,00 =-.02 =-,06 =06 =.04 =-,04 =,07 -.07
JuL +05 01 «01 =,00 =~,01 ~.02 =~.00 .01 =08 =,1% =-,i14 .08 -.02
AUG +03 <04 «03 «01 =,01 =~-,02 =,01 =~,02 ~s03 ~,0 =210 =,11 +03
SEP 02 <04 «03 +00 =.01 ~,02 =,02 <,04 =13 =-.11 06 =,03 <04
ocr =+03 =.03 =-,04 =-.04 =,05 ~,07 =-.08 ~-,08 ~.06 =.11 W12 ~=,06 -,00
NOV =+00 =,01 =401 =.03 =.,06 =,08 =.07 =,05 -.06 =.03 -,13 ~,19 -.02
DEC =04 =,01 =.00 ~.01 =.02 ~.,05 =-.10 =~,09 ~.05 ~,05 =-,07 =-,12 -.03
MEAN 203 01 «00 =.01 ~.,03 =~-,04 =-.05 =-,08 sl =413 ~,12 -.0N8 -,00
YEAR <0l +03 .02 «01 =.03 =-,07 =~.it =.,13 =.10 =.05 =-,08 =-.,12 =,15 -.15 -,0%
TE FLUX SENSIBLE HEAT
108 5% EQ SN 10N 15N 20N 25N 30N 35N 40N 45N SON 55N 60NN 65N 70N TSN
JAN -1 -1 ~ed -6 =8 -6 .1 1.4 2.9 3.7 3.8 3.6 3.6 3.6 3.3 2,5 1.9 1.2
FEB 0 -.2 =2 -2 -2 .0 .8 2.1 3.5 4.4 G4 4.2 3.7 3.2 2.8 2,2 1.8 1.2
MAR 0 “u1 .l -6 -7 -7 .2 1.3 3.5 4,9 4.9 4.2 3.7 3.2 2.6 2.1 1.7 1.2
APR ~vl -2 -2 -2 =2 -2 2 1.3 2.8 4,2 5.2 5.2 4,5 3.6 2.8 2.3 1.7 1.1
MAY 2 .0 -0 .0 a1 -.2 -2 3 1.5 2,8 3.7 4.0 4,0 3.4 2.6 1.9 1.4 .8
JUN 4 o1 =0 -2 ~e3 -3 -3 -.1 o4 1.1 1.8 2.7 3.1 2.7 2.1 1.7 1.2 .8
JUuL .3 o1 o1 0 -1 -2 -2 -1 o1 o7 1,5 2.1 2.5 2.4 1.9 1.4 1.0 6
AUG .0 W2 2 o1 -0 -2 -3 -e2 ol 8 1.8 2.6 2.8 2.3 1.8 1.4 1.1 .9
SEP -2 =0 -l =e1 -3 -2 -3 -.0 o4 1.2 2.3 3.3 3.9 3.6 2.8 1.9 1.3 1.0
ocT .0 ol =0 -2 -3 -3 -2 <4 1.3 2.3 3.4 4.2 4,4 3.9 3.0 2.1 1.4 9
NOV -3 -3 =2 -2 ~2 -2 el 1.1 2.3 3.4 4,3 4,9 4.3 3.4 2.7 2.2 1.8 1.3
DEC .1 o1 =0 -2 -3 .l -1 1.1 2.7 3.9 4,2 404 4,1 3.4 2.8 2.5 1.8 1.0
MEAN W0 =0 mal =2 =3 =03 a0 W7 1.8 2.8 3.4 3.8 3,7 3.2 2.6 2,0 1.5 1.0
YEAR ~.1 -t -2 .2 -3 -.3 -1 o8 2.1 3.3 4,1 4,5 4.5 3.8 2.9 2.2 1.5 9
TE FLUX LATENT HEAT
10S 5% EQ SN 10N 15N 20N 25N 30N 3SN 40N 45N 50N 55N 6NN 65N TON TSN
JAN ~.8 ~.0 6 1.1 1.3 1.5 2.0 2.8 3.1 2.9 2.4 1.9 t.4 1.1 .8 6 o 2
FEB -6 -.0 5 9 1.0 1.2 1.9 2.9 3.3 3.1 2.5 1.9 1.4 1.1 .8 N3 o o3
MAR -.8 -0 5 8 .9 1.0 1.6 2.6 3.1 2.9 2.4 1.8 1.3 1.0 o7 -1 o8 o3
APR ~e9 ~.5 =1 .3 6 2 1.4 2.2 2.7 2.8 2.5 2.2 1.7 1.3 9 6 e o2
MAY -1,0 -5 “el o .9 t.1 1.4 2.0 2,5 2.7 2.6 2.3 1.9 1.5 1.0 o7 .5 o3
JUN -.9 ~a5 -2 2 .5 7 o7 1.0 1.3 1.5 1.6 1.8 1,7 1.4 1.1 .8 -] o3
JuL -9 =5 —.2 o1 o4 5 o4 5 .8 1.4 1.9 2.0 2,0 1.7 1.2 .9 6 o4
AVG ~-.8 -5 “3 -.0 ol 6 5 5 -8 1.3 1.8 1.9 1.8 1.5 1.2 .9 6 o4
SEP ~.8 -.b .1 0 o4 .6 8 1.1 1.6 2.1 2.5 2.5 2.3 1.8 1.4 9 <6 o8
ocT -7 -3 =2 =0 13- 1.1 1.6 22 2.6 2.9 2.8 2.6 2.2 1.6 1.2 T o4 2
NOV -7 -3 =0 3 7 1.1 1.7 2.4 2.8 2.8 2,6 2.4 1.8 1.3 .9 6 .3 2
DEC -7 -1 5 1.0 1.3 1.5 1.9 2.7 3.2 3.0 2.5 2.1 1.6 1.2 9 6 o 2
MEAN -.8 -3 0 Rl 7 1.0 1.3 1.9 2.3 2.4 2.3 2.1 1.8 1.% 1.0 T .S 3
YEAR -1,3 =6 =0 6 1.2 1.5 1.8 2.3 2.6 2.7 2.6 2.3 1.9 1.5 1.1 .7 5 .3
TE FLUX KINETIC ENERGY
105 55 [ 4] SN 10N 15N 20N 25N 30N 35N 40N 45N SON 55N 60N 65N 70N TSN
JAN 201 «01 .01 .01 «01 02 «0S o122 24 25 .15 «09 «07 «07 «04 =.00
FEB .01 .01 02 «01 201 02 +09 +22 o34 27 11 06 +09 12 .08 .01
MAR W01 «01 02 .01 01 «03 +08 «13 «19 +15 04 .00 .03 0% «03 .00
APR =.00 .00 +00 «00 «01 0l 11 .19 28 .18 «05 =,01 =.00 .01 =.00 -.00
MAY ~s01 "=,00 ~-,00 .00 +»00 02 « 04 +08 «42 .12 <06 +01 =,01 =-.01 =~.0t -.01
JUN +00 =,00 =-,01 =,0f =-,00 =-.00 »00 N2 <06 +09 .08 «06 +03 «01 =~.01 =.00
JUL -,01 =-,02 =-,02 ~-,01 -,01 =-,01 =-,01 =.00 .01 +02 04 <04 02 .01 =.00 =.01
AuG -,01 =,01 =~,02 ~,02 =-,01 -.00 =-.01 +«00 +01 205 +07 07 « 04 01 00 -.01
SEP -,00 =-,0% ~,01 =-,01 ~-,00 =-,00 «00 +01 04 +06 .07 <06 .02 01 <01 -.00
ocY -,00 =-,0f =-,01 ~,01 =-,01 -,00 <00 .03 .08 o1 »10 .08 0 +00 =.00 =.01
NOV =00 «00 .00 .00 .00 W01 «03 08 14 .16 .13 .08 .04 04 .05 01
DEC ~,00 <00 .01 .01 00 +01 «06 o13 «19 +19 .10 <03 W01 .03 +03 -, 00
MEAN ~e00 =,00 =-,00 =-,00 00 ,01 04 .08 18 .14 08 «05 03 03 <02 -.00
YEAR ~s00 =.00 =-,00 ~.00 =-,00 .01 04 10 «15 15 .10 «05 .03 02 01 -.00
TE FLUX TOTAL ENERGY
10S 8S Ee SN 10N 15N 20N 25N 3ON 35N 40N 45N SON S5N 60N 65N 70N TSN
JAN ~.9 ~el 3 ol o4 8 2.1 4,2 6.0 6.6 6.1 S.4 5.0 4.8 4,2 3.1 2.3 1.5
FEB ~e5 ~.1 3 W7 B 1,2 2.7 Sel 6.8 7.3 6.6 5.9 5.0 4,4 3.7 2,8 2.1 1.4
MAR -7 ~el o1 2 o1 .2 1.3 3.9 6.6 7.8 Ted 5.9 4,9 4.1 3.3 2.5 2.1 1.5
APR -1,0 ~7 =3 o1 ol 7 1,7 3.6 5.5 6.9 7.5 7.2 6,0 4,7 3.6 2.8 2.0 1.3
MAY -8 ~e5 ~e2 o .8 9 1,2 2.3 3.9 5.5 6.1 6.1 5.7 4R 3.7 2.7 1.9 1.2
JUN -5 -l ~2 -0 2 3 o4 9 1.7 2.6 3.5 4.5 4,8 441 3.1 2.4 1.7 1.0
JUL -.b —elt -2 o1 3 3 2 o .9 2.1 3.3 4.1 Y4 4.0 3.1 2.3 1.6 1.0
AUG -.8 -2 ~el o1 ol o4 2 «3 9 2.1 3.6 4.6 4.5 3.8 2.9 2.2 1.7 1.3
SEP -3 -3 ~.2 “,0 2 o4 .6 1.0 1.9 3.3 4.7 5.8 6.1 S.4 4.1 2,8 1.9 1.4
ocy -7 -3 ~3 -2 o1 o7 1.4 2.5 3.9 5.2 6.2 6.8 6,5 S.5 4,2 2.8 1.8 1.1
NOV -9 -6 -2 o1 o4 B 1.8 3.5 5.2 6.3 7.1 7.3 6.1 4.5 3.5 2,7 2.0 1.4
DEC -6 ~.0 R} 8 1.0 1.0 1.7 3.8 6.1 7.1 6.8 6.5 5.7 4.5 3.7 3.1 2,2 1.2
MEAN -7 -e3 -0 2 o4 6 1.3 2.6 4.1 5.2 5.7 5.8 S.4 4.5 3.6 2.7 1.9 1.3
YEAR -t.h -7 -2 o 8 1.1 1.7 3,1 4.8 6.2 6.7 6.8 6.3 S.1 4.0 2.8 1.9 1.1
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TasBLE 4. The meridional flux of energy (10" cal day™?) by the standing or stationary eddy circulations as a

function of latitude and month of the year integrated between the surface and 75 mb.

SE FLUX POTENTIAL ENERGY n0'?caL DAY )

10s 13 EQ SN 10N 1SN 20N 25N 30N 35N 40N 45N SON 55N 6ON
JAN .01  ,00 =,01 =.,03 ~,03 «,03 =-.01 =,01 =,08 =-.09 .0L ,O05 ~.,07 =.12 .07
FEB .01  L,01 =,00 =,02 =-.03 ~-.05 =-,07 -,08 ~.11 =,08 .04 .09 .08 .09 ,15
MAR .01 ,01 ,00 ~,00 =-,00 =-,00 .02 ,0F =.06 ~-,07 .04 ,09 ,09 .11 .07
APR .00 L00 ,00 .00 .01 ,02 ,05 .06 .03 ,03 .09 .10 .07 .06 .07
MAY .04 ,L,01 ,0t ,00 =-,02 =-.03 =-,04 ~-.06 ~.06 =-,03 .0 LO5 .07 .08 06
JUN .00 L01 ,02 L0l =,03 ~,06 =-,06 =,06 =.06 =-.06 =-.04 =-.,03 =-.,01 .02 .03
JuL .01 .01 L0t .01 =.,03 =-.06 =-,06 =,02 =.,02 -,05 =-.03 .02 .04 .03 .02
AUG .0t L,02 ,02 ,02 ,00 =-,02 =-,03 -,01 =.02 ~-.03 =-.01 L,01 .01 .00 =-.00
SEP .01 ,02 ,02 ,02 .01 =-,01 ~,03 ~,03 =-.04 =,00 .03 .04 ,04 .02 <-.03
ocT .00 ,01 .01 .01 .00 =,00 ~,02 =,05 =-.05 -,02 =-.03 =-,00 .07 .08 .02
NOV .00 01 .00 =-,0t =-,02 =~,03 =.02 ~,03 =.08 -.11 ~,18 ~.10 .13 w26 23 04 =,06 =,01
DEC W01 .01 =,01 -,03 =,04 ~,05 =,05 =,06 =.12 ~,14 -,09 -.05 .02 .14 .14 .02 ~-,01 ,03
MEAN 201 .01 «01 =400 ~,02 «,03 =-.03 =,03 ~,05 ~,06 =.0% .02 «05 06 07 .0t =,03 =.00
YEAR .0t L01 ,0t .01 .00 .00 LO1L .01 =~.01 =~,0f .02 .04 .06 LO7 .06 .01 <~.01 .01
SE  FLUX SENSIBLE HEAT
108 55 EQ SN 10N 1SN 20N 25N 30N 35N 40N 4SN 50N SSN  6AN 65N TON 7SN
JAN -1 =1 =0 o0 .0 .0 .2 .7 1.3 2.3 5.4 6,0 4,8 3.0 1.3 a0 =2
FEB =0 =0 =0 =1 =1 -2 - o2 7 1.3 3.6 4.9 4,9 3.6 1.5 S SR S {
MAR .0 -0 =.0 -0 “el -2 “.1 .0 22 o 2,3 2,9 2.9 2,2 1.0 - -3
APR “0 =0 =0 40 =-.0 =~.0 .0 .2 .3 .3 9 1.k 1.6 1.3 6 00 =1
MAY =0 4 [33 W1 «0 -1 -1 .0 o4 2 .0 .2 o4 o4 3 2 a1
JUN =0 .0 .1 .1 .2 o1 =.0 =2 =0 ~el =.5 Y =-.5 =l .0 .2 .2
JuL -l -.0 o0 .1 o1 .0 .2 -2 .0 o1 -3 ~eh “.3 ~.2 ~a1 =.1 =1
AUG “ol =.0 .0 -.0 o0 -l =3 =l -2 =.1 -2 -3 -.3 =2 -0 =.0 .0
SEP -1 =1 =0 .0 0 =0 =a1 =0 o3 o4 o4 o4 o4 o .3 .2 .2
oct -l =40 .0 .0 .0 .0 .0 o1 o4 5 1.2 1,7 1.9 1.6 .8 .2 .0
NOV =l =0 -0 iy .1 ot 2 «3 s ® 2.0 3.5 4,1 3.6 2.0 8 o3
DEC ~el “.l =1 =1 =1 »0 .1 3 5 1.0 3.6 LY 4.3 2.7 .8 -l -2
MEAN “.0 -.0 .0 .0 0 =80 =.0 ot o4 6 .9 1.5 2,0 2,0 1.5 .7 d -0
YEAR =.0 ~.0 =0 Ny «0 «0 133 ol 2 2 o4 .8 1.2 1.4 1.1 5 .1 ~.0
SE FLUX  LATENT  HEAY
108 58 EQ SN §ON 15N 20N 25N 308 35N 40N 45N 50N 55N 6NN 65N  TON 7SN
JAN =1 =41 -.0 W1 .2 .3 .5 N 6 .7 .8 .8 .7 .5 .2 . m0 =0
FEB -l =1 =2 .0 .2 o8 6 .5 .5 .5 .5 .6 .7 .6 o .1 0 =0
MAR -1 =1 -0 =0 .2 .7 .9 .7 .4 .2 .3 .5 5 ol o3 gm0 -0
APR -l =1 =0 .0 .2 o7 .9 .8 .5 .3 .2 .2 .3 .3 .2 0 =0 ~.0
MAY -1 =0 -0 .0 o4 9 1.2 1.0 .5 2 =0 = =0 .0 .0 Q0 =0 =.0
JUN 0 a1 .1 .1 5 1.2 1.9 2.0 1.2 o =.0 -3 “e3 -2 =0 .0 o1 o1
JUuL -0 ol .1 o1 3 7 1.5 2.2 1.9 1.1 o4 =0 =2 -1 -0 .0 .0 =0
AUG -0 L0 =0 =0 «0 .3 9 1.6 1,5 .9 W =0 =1 =1 =00 .0 .0 .0
SEP .0 .1 .0 .0 o1 .3 7 1.0 .8 o .2 o1 o1 o o1 o o1 .0
ocr .0 =0 “el -.0 .2 o 6 o7 5 3 el .2 .3 o o3 2 o0 =0
NOV =0 =0 =41 =0 .0 .0 .1 .3 ok .3 .2 .3 .5 .5 .5 .3 .1 .0
0EC -1 =1 -0 .0 .0 .2 .3 .3 .3 o4 o4 .6 6 5 .3 1 =0 =0
MEAN =l =0 -.0 .0 .2 .S 9 1.0 .7 5 .3 .2 W2 .2 .2 .1 0 =0
YEAR =l =0 =0 -1 .0 3 .5 .6 o4 d =0 -0 o o o1 o1 W0 =0
SE FLUX KINETIC ENERGY
105 5S ] SN 10N 1SN 20N 25N 30N 35N 40N 45N  SON SS5N 60N 65N  TON 75N
JAN 00 .00 -,00 =-.00 -,00 -,01 .02 .09 ,12 ,L13 .08 .05 ,04 .03 .01 =-,01 =~,01 .00
FEB .00 ,00 .00 -,00 -,00 =-,00 .03 .08 .10 .10 .07 .07 .08 .09 .05 .00 =-.01 .00
MAR .00 +00 -,00 =~-,00 =-.00 =-,00 204 «05 .08 07 « 08 Q3 +02 02 +0f =-,01 =-.01 =~.00
APR .00 .00 .00 =-,00 =-,00 -,01 =~.01 00 01 .02 .01 .02 .02 +01 =-.00 =~,00 =~,00 .00
MAY +00 «00 «00 =,00 -,00 +00 «01 «02 .02 .0f =-.01 =.01 =,01 =.,01 =~.01 =-,01
JUN 00 .00 =-,00 -.01 ~,01 -,00 =-,006 ,00 .02 .01 ,L00 .0%f .02 ,0f .00 =,00 00 ,OO
JuL .00 .00 =-.00 -,01 -.00 ~,00 -,01 ~,00 .00 ,01 L00 ~-.00 ~,00 =.00 .00 ,L00 =,00 ~.00
AUG .00 =-,00 =-.00 -,01 =-,0f -.,01 ~-,0t ~-,00 ,004 LO§% .00 .00 ,0f ,00 .00 =~,00 ~,00 =~,00
SEP 00 =-,00 =-,00 =-,00 =-.00 ,00 L00 ,01 ,02 .03 ,02 .02 L01 .02 L01 L0t ,00 ,00
ocT .00 ,00 .00 .00 .00 ,00 ,01 L,04L ,03 .06 ,L08 .09 ,08 .06 .03 ,01 =,00 «,00
NOV .00 +00 .00 «00 «00 «00 «01 »05 «10 .11 +09 «09 .08 .07 «04 02 +00 00
DEC =00 =-.,00 -,00 -,00 -,00 =-,00 .01 ,O4 ,08 .11 .07 .05 ,04 ,04 .01 ~,00 =,01 =~,00
MEAN .00 .00 -,00 -,00 -,00 -,00 .0t ,03 .05 .06 LO4% .03 .03 ,03 .01 -,00 ~-,00 =-,00
YEAR .00 .00 =~,00 .00 .00 .00 L01 L,01 ,02 .02 ,02 .LO3 .04 .03 .0% .00 ~.00 =~,00
SE  FLUX TOTAL ENERGY
108 55 EQ SN tON 15N 20N 25N 30N 35N G4ON 45N  SON SSN 60N  6SN  7ON 7SN
JAN -2 =2 =0 .1 .2 .3 8 1.4 1.9 3.0 4,5 6.3 6.7 S.1 3.3 1,4 a1 =2
FEB -2 -2 =1 -l +0 2 ot .7 1.2 1.8 2.7 4.4 5.7 5.7 4.2 1.7 ol =.1
MAR =.1 -l =.0 -.0 o1 5 .8 7 ) 6 1.6 2.9 3.5 3.4 2.6 1.1 =el -4
APR =l =1 =0 N .2 .6 1.0 1,0 -] o7 7 1.2 1,8 2,0 1.5 6 0 et
MAY -.1 .0 .0 o1 .4 .8 1.1 1,0 .8 4 =,0 .0 .2 .5 .5 K .2 .1
JUN .0 o1 .2 .2 6 1,2 1.8 1,8 1.1 W3 =3 =7 =9 -6 =2 W1 .2 .3
JUL “.l ol o1 2 ] 6 1.3 2,0 1.9 1.1 o2 =~ ~.5 -5 =2 =0 -1 -2
AUG -el -0 W0 -0 al .2 6 1.2 1.3 9 .2 -2 -l -l -2 =.0 .0 «0
SEP -.0 .0 .0 .0 21 2 5 1.0 1.1 .9 6 6 o5 5 .5 <3 .2 3
octT -1 -0 -.0 «0 .2 5 6 B .8 .8 8 1.5 2.2 2.5 2.0 9 ol -0
NOV =el =1 =1 -0 o1 o1 .2 N .8 W9 1.1 2.4 4,2 S0 4.3 2.4 .8 .3
OEC -.2 “el -.1 -l -1 o1 o 6 .8 1.3 2,3 4ol 5.2 S.0 .2 1,0 -.2 -2
MEAN =1 ~0 0 .0 2 o4 8 1.1 1.1 1.1 1.2 1.8 2.3 2.3 t.8 8 o1 =.0
YEAR =l =1 =0 =0 o1 .3 .6 o7 6 o o4 9 1.8 1.6 1.3 6 1 =0
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Fi1G. 5. The annual variation of the meridional fluxes of potential
energy, sensible heat and latent heat by the transient plus stand-
ing eddy circulations: all units 10" cal day™™.

Peixéto (1960), Wiin Nielsen el al. (1964) and other
investigators. have found that the maximum flux of
sensible heat occurs in winter and that it is accomp-
lished mainly by large-scale transient waves. The
present study confirms the existence of a winter maxi-
mum due to transient plus standing waves. However,
the bulk of the mid-winter transport is not accomp-
lished by the transient waves, but by the standing or
stationary waves. These standing waves are very im-
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portant in December through February. In spring and
fall the transient waves take over the task of trans-
porting heat poleward. If one studies the vertical dis-
tribution of the transient eddy flux, one finds two layers
of strong northward transport of sensible heat, one be-
low 500 mb and the other between 300 and 100 mb. A
harmonic analysis of these features shows that the lower
maximum is strongest during fall and winter but that
the upper maximum very surprisingly has only a small
annual variation with the tendency of a maximum in
summer. The vertically integrated flux has maximum
values in April and November (see also ORb).

At low latitudes in summer we find a weak, north-
ward flow of sensible heat, while the flow is predomi-
nantly southward during the rest of the year. This
southward flux was discussed before by Starr and
Wallace (1964) using Peix6to’s statistics for the year
1950. In summer the standing eddies transport sensi-
ble heat equatorward at almost all latitudes; the
transient eddies dominate outside the tropics and cause
a small net heat flux poleward.

The eddy flow of latent heat is of considerable im-
portance between 20 and 40N. Rasmusson (1970) has
pointed out the large standing eddy flux of latent heat
in summer, which is associated with the Asian monsoon
and the oceanic high pressure cells. This is the only
eddy flux with a maximum in summer. For a comparison
of some of our results with those of earlier investigators
see Figs. 7 and 9.

The potential and kinetic energy fluxes® are relatively
small and generally have opposite signs. The eddy flux
of potential energy is mainly equatorward and has a
maximum in winter between 30 and 40N. This flux from
middle latitudes is one of the possible sources of kinetic
energy for the eddies in the tropics as shown by Mak
(1969) and Holopainen (1969). However, it appears
more likely that the main source of eddy kinetic energy
is the local conversion of eddy available potential
energy generated by the heat of condensation (Manabe
and Smagorinsky, 1967 ; Manabe et al., 1970).

The fluxes by both mean and eddy circulations to-
gether are given in Table 5 and Fig. 8. Indirect esti-
mates of these fluxes by Rakipova (1966) for the yearly
mean conditions are in rather good agreement with the
present results (see Fig. 9). The main differences are
at low latitudes where our calculations show a more
equatorward displacement of the maximum transports.
Our values compare well with those of Holopainen
(1965) and Kidson et al. (1969). B

If one averages the twelve monthly values of [7*1™ ]
(see MEAN in Table 4) one finds a larger value than
if one would compute the flux from the annual mean

31n the calculation of the transient eddy flux of kinetic energy
terms containing third-order time correlations were neglected, i.e.,
(Fr)re=cip[VKE D= ([’ a1)+ e[ 0]}

This approximation is perhaps not valid in view of the results of a
study by Saltzman et al. (1961).
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F16. 6. The annual variation of the transient and standing eddy fluxes (10% cal day=) of sensible and latent heat.

flow field and the annual mean temperature or humidity
fields (see YEAR in Table 4). One can interpret this
as a positive contribution from the annual cycle in the
monthly-mean flow field to the northward transport
of heat. On an annual basis this contribution is counted
as a transient eddy. One can indeed verify that the
sum of the transient and stationary eddy fluxes are the
same by adding up the corresponding values for MEAN
and YEAR in Tables 3 and 4.

Since we have used data from five years to compute
the statistics for each calendar month, it would seem
possible that inter-annual variability could also con-

T T 1] T T T
JAN 4
(Fon)e
- /Y ~
II \\
- 7F 7 \ .
-~ *’I \)
> = 4
g & ll
e wi19s0 1
5 ]
e 4b / A J
e ] !
= 3L ‘/ syoso \ 1
: <)
/ -
2f / / Ju \\\ 4 S+ Ry 19581963
! N - L LH'E -
1 /'/ N\ YEAR o
(/ \\ 2 T \\\ —
9 W 7 -
4
AT L g /
0 10N 20 30 40 50 60 70 80 o
-1 1 1 1 1 1 1 1
G 10N 20 30 40 30 60 70 80

F16. 7. The meridional flux of sensible heat by transient plus
standing eddies for January and July compared with Peixéto’s
(1960) results for the winter and summer half year of 1950 (left),
the estimates by Kidson et al. (1969) for December-February
and June-August being shown by stars and triangles; and the
annual mean eddy fluxes of sensible and latent heat compared
with Peix6to’s (1960, 1965) results for the year 1950 (right).

tribute significantly to the eddy fluxes. However, we
have found that this is not the case.

5. The overall energy balance

One of the obvious checks on the computed energy
fluxes is to compare them with estimates of the other
factors important in the heat balance of the atmo-
sphere. One can then determine if the necessary balance
is accomplished. The energy flux above 75 mb (the
top level of integration in this study) is probably of
the order of a few percent of the total energy flux and
can be safely neglected here. Disregarding errors, our
estimates of the horizontal convergence of total energy
should thus be balanced at each latitude by the sum
of three effects: 1) the energy flux from the earth’s
surface, 2) the net radiation cooling, and 3) the storage
of energy in the atmosphere. I'rom global maps of the
flux of sensible and latent heat from the earth’s surface
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TaBLE 5. The meridional flux of energy (10 cal day™) by mean plus eddy circulations as a function of
latitude and month of the year integrated between the surface and 75 mb.
FLUX  POTENTIAL ENERGY (0'9cAL DAY-)
10S 5§ Ea SN 10N 1SN 20N 25N 30N 35N 40N 45N  SON  S5N  6ON 65N  TON TSN
UAN 6.8 1844 30,8 37.8 37,1 26,8 16,0 T.A =4,3 =10,5 9,2 =6.7 =4,7 =.2 2.6 2,8 2.1 1.0
FEB 7.2 23,3 40,3 48,0 38,6 26,6 15,2 5,3 =8.0 -11,6 =10.6 =7.8 =6.7 =3.4 =.5 .8 .6 2.0
MAR  =2.0 1642 35.8 42,1 36.6 20,2 12,1 5.5 .7 =2,1 =1.9 =l.4 =1.2 .1 .6 1.6 2.5 2.3
APR =18,7 =3,8 12,3 25,2 27.3 19,0 9.2 2,0 -2.6 =5,0 =3,6 =1.3 -=1.2 .9 1 .9 .9 .4
MAY =30,5 =20.,8 =9,7 4,5 12,4 12,3 6.5 6 =34 =54 =6.,3 =-3.5 ~1,.8 -3 1.2 2.4 2.4 9
JUN =39.8 =32,4 =21,8 ~11.8 =5,1 =4,0 =8.4 =8,6 =5,1 =2.1 =~2.6 =2.3 =2.8 =1.6 ~.1 .5 1.6 2.3
JUL 82,7 =80,3 =30,2 =16.1 =8.9 1,1 1.0 =.5 =2,6 =1,6 ~l.7 =3.2 =4.5 =2.7 =4 .3 1.3 .8
AUG =39.9 =40,1 =31,1 =18.2 =7.8 =1.8 =1.4 =1,5 =2.9 =-2,5 =2.2 =3.1 =4,6 =2,5 .1 f.1 1.9 2.0
SEP =39.2 =34,9 =26,3 -16.9 =B.7 -,9 4.4 6,9 5,1 2,3 =~2,6 =-6.9 =4,9 =2,6 -1.5 =.5 .3 .8
OCT =29,3 =23,4 ~13,9 =3,1 4,9 10.0 12,5 11,5 6.3 2.6 =.6 =2.1 =3.9 =1.8 .9 1.6 1.7 2.0
NOV =18,2 =648 7.5 19.1 25.1 24,1 17,7 11,1 3.3 =1,2 =~3.2 =4.3 =5.1 -3.9 -1.8 .0 B .6
DEC  ~1.3 11,2 24,6 33.5 37.2 31.0 19.7 9.2 .7 =3.7 =~k =3.5 -2.6 =-.4 1.6 3.3 3.3 1.3
MEAN =20.3 =111 1.5 11.7 1641 14,0 8.7 6,1 =9 =38 sb.1 =3.7 =3,7 ~1.5 .4 1,3 1.6 1,3
YEAR =20,2 =111 1.5 1106 16,0 14,0 8.7 4,1 =, =3,3 ~4,0 =3.7 =3.7 -1.6 .3 1.3 1.6 1.3
FLUX  SENSIBLE  HEAT
105 5S Ea 5N 10N 15N 20N 25N 30N 35N 4ON 45N SON SSN 6NN 65N TON TSN
JAN 4.9 =12,5 =20,8 =25.5 =25.1 =17.4 =9.4 =2,3 6.6 11,8 12,2 12,5 11.8 8.4 5.2 2.7 1.0 .5
FEB =849 =15,7 =27,0 =29.6 =25,6 =17,2 =B.8 =.9 7.3 11.5 11.7 11,5 11.5 9.5 6.6 3.6 1.6 .3
MAR 1.3 =11,0 =24,3 =28.7 =25.1 ~16,6 =7.9 =2,0 3.1 6.4 7.3 7.5 7.1 5.8 4.6 2.6 .8 .1
APR 1241 2.2 ~B.4 =16.7 =18.2 =12.5 =5,3 .5 .6 7.4 8.0 7.3 6.8 4.9 3.6 2.4 1.2 .7
MAY 19,9 135 6,3 =2.8 -8,1 -8,2 -8.3 .0 3.8 6,2 7.4 6.3 5,5 4,2 2.6 1.3 .6 .6
JUN 25.4 20,8 14.1 7.8 3.3 2.4 5.1 5.2 3.4 2.1 3.2 3.7 4,2 3.3 2.1 1.4 «5 -.0
JUL 2741 25,8 19,5 10,5 3.3 ~.9 =1,0 .1 1.9 1,8 2,2 3.5 4,5 3.4 1,9 1.0 .5 .3
AUG 25,0 25,7 20.1 11.9 5.2 .9 .4 .S 1.9 2.4 3.1 4.2 4.9 3.3 1,5 .8 3 .2
SEP 25,0 22,5 17.0 11.0 5.8 .5 =3.0 =8.1 =2,2 % 4.4 6.6 7,0 5.4 3,9 2.4 1.4 1.0
OCT 1941 15,1  B,9 1,8 <=3.4 =6.6 =B,0 =6,6 ~2.2 1.6 4.3 6.5 B,2 6.7 4.1 2,1 .9 2
Nov 9.0 3,9 ~5,4 =12.9 =16.6 ~15,6 -10,7 =~5,2 o7 4.6 6.9 9.2 10.5 9.4 7.1 he2 2.1 1.2
DEC 49 27,7 =16,7 =22.6 =24.9 ~20,3 =12,0 ~B,0 2,7 6.6 8.2 9.7 10,0 7,7 4.8 2.0 .3 .2
MEAN 12,9 6.9 <=1,4 =-8.0 -10.8 =-9.3 -5.4 =1,5 2.6 S.2 6.6 Tt T.7 6.0 4.0 2.2 9 o
YEAR 12,9 6.9 1.4 =7.9 -10,7 =9,3 =5,4 ~1,5 2.8 5,5 6.7 " T.b 7.6 5.8 3.9 2.4 .9 3
FLUX _ LATENT  HEAT
108 55 EG 15N 20N 25N 30N 3ISN 40N 45N SON 55N 60N 65N TON 7SN
JAN <23 =4,5 =6,6 —4,8 =, 1.8 3.9 4,5 4,0 3.8 2.5 1.6 1.0 .6 3 .2
FEB =2,3 =5,8 =9,0 “4.8  =.9 2.2 B3 W6 3,8 3.1 2.4 1.8 1.2 .7 4 .2
MAR =3 =3,9 =7.8 “3.9 =3 2.2 3.4 3.6 3.1 2.6 1.9 1.4 1.8 .6 3 .2
APR 4,3 1.2 =2.5 “316  =u7 1.8 3.3 3.7 3.3 2.8 2.3 1.6 1.0 .6 3 .2
MAY 7.0 6.2 3.7 S1.7 .2 2.0 3.0 3.4 3.4 2,8 2,2 1.6 1.0 .6 & .3
JUN BT 9.0 7.1 2.4 3,5 3,8 3.2 2,5 2.3 2,1 2.0 1.5 11 B8 4 .2
QUL 9.2 10.5 9.2 1.3 1.4 2,1 2.9 2.8 2.7 2.6 2,6 2.0 1.3 .9 6 .3
AUG 8.4 10,2 9.1 1.8 1.1 1.5 2.3 2.6 2.6 2.6 2.5 1.9 1.3 B .5 .3
SEP 8.1 9.0 7.8 VB =5 =i .7 2,0 3.2 3.5 3.2 2.3 1.7 .l .6 .8
ocT 5.8 6,3 4,8 -~1.,9 =1.5 -1 1.6 2.6 3,2 3.3 3.1 2.3 1.5 8 3 o1
NOV 2.6 2.3 =,3 -5.9 =3.2 =u1 2.3 3.3 3.4 3.3 2,8 2.1 1.5 .8 . .2
DEC  =.3 =2,1 =4,5 “5.9 =2.5 .8 3.1 3.8 3.4 3.1 2,5 1.8 1,2 .6 .3 .2
MEAN 8.1 3.2 .9 “2.2 = 1.8 2.8 3.3 3.2 2.9 2,5 1.8 1.2 7 4 .2
YEAR 3.9 3.2 .9 =2,2  med 1.8 2,8 3.8 3.3 3.0 2.5 1.8 1.2 7 4 .2
FLUX KINEYIC  ENERGY
10S 5S €4 SN 10N 1SN 20N 25N 30N 35N 40N 45N SON 55N 60N 65N TON TSN
JAN W01 .02 .08 (0B (03,05 .11 426 435 .30 1S 409 .09 .10 .05 =-.00 =,01 ,00
FEB W01 .02 .05 .08 .02 .05 .17 .35 38 .25 410 .09 .16
MAR W01 402 .03 .03 .03  ,06 .11 .20 427 .18 .03 .00 .04
APR  =.01 .00 .00 .01 .02 .05 .12 .19 .23 .16 402 =.02 =00
MAY  =.02 =,01 =,01 =,00 .01 .02 .05 .10 .13 .11 L0l =.03 ~-.03
JUN  =,01 =,02 =,03 =.,03 ~,02 =.0l =.00 ,02 .07 .09 .05 .05 ,04 .01 =.01 =.01 ,00 .00
JUL =02 =.08 =,05 =,08 =,02 =.,01 =~,02 =,00 ,01 .03 .03 .02 ,00 .00 ~,00 =.,01 =,01 =.02
AUG =402 =,04 =,05 =,06 =.02 =,08 =.01 =,00 ,02 ,05 .06 05 .03 .01 .00 =00 =01 =.02
SEP  =,01 =,02 =,03 -,02 =.01 =,00 ,00 .02 ,06 .09 .07 .08 L01 .02 .02 ,02 01 .00
OCT  =,01 =,01 =,01 =.,01 =,00 =,00 .02 .06 ,12 .17 .17 15 .10 .06 .03 .01 =.01 =~.01
NOV  =.00 =,00 .01 .01 .01 .02 .06 .16 .26 .27 .20 o1& .10 .10 .09 .06 .03 ,01
DEC  =+00 401 402 .02 .02 .05 .13 .23 .30 .26 .12 .04 .04 07 .05 .01 =.00 =.0%
MEAN  =.01 =,01 =,00- .00 .01 .02 .06 .13 .18 16 .08 .05 .05 ,05 .03 .01 =,00 =.00
YEAR =01 =,01 =,00 .00 .01 .02 .06 .12 .17 415 .08 405 .05 05 .03 ,01 =~.00 =-.00
FLUX __ TOTAL _ ENERGY
10S 55 EQ SN 10N 15N 20N 25N 30N 35N 40N 45N SON 55N 60N 65N TON 7SN
JAN =6 1.8 5.7 4.6 5.8 7.5 6.4 5.7 7.2 9.2 9.8 9.9 8.8 6.1 3.6 1.6
FEB 0 1.8 5.0 §.7 5.7 7.0 6.0 @48 5.1 6.9 7.5 8.1 7.5 5.1 2,6 2.5
MAR  -1,1 1.4 4.6 3.8 8.0 5.8 7.5 8,0 8.5 8,7 7.9 7.4 6.1 8.8 3.6 2.5
APR -2,3 =l 3.3 2.9 3.3 4,5 5,6 6.3 T.8 8.7 7.9 Tt 6.0 3.9 2.4 1.3
MAY =3,7 =1,2 2.2 2.5 2.4 2.7 3.5 4.3 4.5 5.6 5.9 5.4 4.8 4,3 3.5 1.8
JUN  =5,2 =~2,6 7 B 42 W5 1.5 2.6 3.0 3.5 3.4 3,1 3.0 2.6 2,5 2.5
JuL =644 4,1 1.3 1.5 1.4 1.7 2.2 3.0 3.2 2.9 2.6 2.7 2.9 2.8 2.3 1.5
AUG  =6,6 =~4.2 W6 .5 .1 .6 1.3 2.4 3.4 3.7 2.9 2.7 2.9 2.7 2.7 2.5
SEP  =6,1 =3.4 —e0 3 .3 2.4 3.6 4.7 5,0 5.3 5.3 5.1 4.2 3.0 2.3 1.9
OCT  =i,4 ~2,0 W8 1.5 3.1 4.9 5.8 6.6 T.l 7.9 T.5 7.3 6.6 4,5 2,9 2,3
NOV  =2,6 =46 2.5 2.7 3.9 5.9 6.7 7.0 7.4 8.8 8,3 7.8 6.9 5,1 3.3 1,9
DEC  -.8 1.5 U6 8.8 5.3 6.2 6.8 6.9 Tb 9.3 9.9 9,1 T.6 6.0 8,0 1,7
MEAN  =3,3 =1,0 2.5 2,5 3.0 8.1 8.7 5.2 5.8 6.7 6,6 6,6 5.6 4,2 3,0 2.0
YEAR  =3.5 =1.1 2.5 2.6 3.0 .0  #.9 5,6 6,1 6.7 6.5 6.1 S 4.1 2.8 1.8
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constructed by Budyko (1964), zonal mean values
were calculated for each season and for the year (curve
1, Fig. 10). The radiative heating in the shortwave part
of the spectrum and the radiative cooling in the long-
wave part as given by London (1957) were used to
calculate the net radiative cooling in the Northern
Hemisphere (curve 2). The net change in energy (curve
3) and the energy convergence due to horizontal fluxes
(curve 4) were evaluated from our data.

In view of the fact that many assumptions had to be
made by Budyko and London in their calculations, the
comparison with our results is perhaps encouraging.
In winter the estimated convergence seems to be too
large at 30N. The overestimation of the southward
velocities at high levels in the Ferrel cell at about 35N
seems to be the reason for the too strong convergence
at 30N and the too strong divergence at 40N (compare
Fig. 13 in ORa). In the other seasons (except at 15N
in summer) there appears to be fair agreement between
the different components in the heat balance. In general,
our curves for the energy convergence are less smooth
than either Budyko’s or London’s, but this does not
mean that they are necessarily less accurate. For the
annual mean conditions the agreement is even rather
good.

An interesting effect in our data is the asymmetry
with respect to the equator in all seasons. It seems that
the energy divergence is always larger just south of the
equator than north of it. The curves of Budyko tend
to show a stronger upward flux of heat south of the
equator which could balance this excess divergence.
However, we cannot pursue this question further be-
cause London’s radiative estimates only apply to the
Northern Hemisphere. The asymmetry may well be
connected with the asymmetry in ocean-continent dis-
tribution in the two hemispheres.

WINTER (DEC—FEB} SPRING (MAR—MAY) SUMMER
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F16. 9. The annual mean fluxes of latent heat and of sensible
heat plus potential energy compared with indirect estimates by
Rakipova (1966). Estimates of the latent heat flux for the IGY
period are from Starr ef al. (1965).

For the annual mean conditions Fig. 11 illustrates
how the mean meridional and eddy circulations bring
about the observed total energy convergence. At most
latitudes (except in the equatorial region) the eddy
cooling and heating tendencies seem to be partially
compensated by the effects of the mean meridional
circulation.

6. Summary and concluding remarks

1) The total atmospheric energy in the Northern
Hemisphere appears to have a maximum value approxi-
mately 1.5 months following the summer solstice. The
amplitude of the annual variation is 2.39 of the total
energy content. During winter, uniform conditions seem
to prevail for a longer period than during summer.
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Fi6. 10. Estimates of the heat balance components of the atmosphere: 1, upward flux of sensible plus latent
heat at earth’s surface from Budyko (1964); 2, net radiative cooling from London (1957); 3, change in total energy
content; 4, energy flux convergence due to atmospheric motions. For perfect data, 1+4+2-44=3,
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F1c. 11. Breakdown of the contributions by mean meridional
(top) and eddy circulations (middle) to the total energy conver-
gence (bottom) for the year.

2) The conversion from sensible plus latent heat to
potential energy in the upward branch of the tropical
Hadley cell and the opposite conversion in the down-
ward branch lead to a significant cooling near the equa-
tor and heating in the subtropics. This direct action of
cooling at low and heating at higher latitudes occurs in
spite of the large observed transport of sensible plus
latent heat by the Hadley cell toward the equator.

3) The energy flux due to both transient and stand-
ing eddies is practically negligible equatorward of 10
to 15° latitude. This is not because of a lack of distur-
bances in the tropics, but because of the horizontal
homogeneity of the temperature and humidity around
the equator. North of 20N the transient and standing
eddies are of prime importance in transporting the
necessary energy poleward. In contrast to the mean
meridional circulation case, potential energy plays only
a minor role and almost all the energy transport by the
eddies is in the form of latent and sensible heat.

4) In midwinter (December—February) more than
half of the sensible heat transfer is through the standing
waves. The transient eddy fluxes do not peak in mid-
winter but in April and November. Earlier investi-
gators have not noticed this interesting effect probably
because they took averages over several calendar
months,

5) The striking seasonal cycle in the strength and
direction of the tropical Hadley circulation does not
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appear to contribute to the poleward transfer of energy
for the year as a whole. On the other hand the seasonal
cycle in the “standing” waves does contribute between
10-209%, to the annual energy transport poleward. Thus,
the remaining 80-909 of the eddy transport of energy
is due to eddies with a period less than one month.

6) An important result of the present study is that
it now appears possible to obtain meaningful estimates
of the energy convergence by not only the eddy, but
also the mean meridional circulations. The computed
balance between independent estimates of the energy
convergence by the atmospheric circulation, of the net
radiative cooling rate and of the upward flux of latent
and sensible heat at the earth’s surface, as shown in
Fig. 10, is not yet very satisfactory. However, the
balance is probably as good as one may expect in view
of the inaccuracies in evaluating each component. For
further discussion of the energy balance components
in both the atmosphere and the oceans, the reader is
referred to a recent comprehensive study by Newell
et al. (1969).

7) A further test will be to divide the atmosphere
in layers and to compute the energy balance for each
layer separately. Such studies have been attempted,
but the accurate evaluation of an overall budget for
individual layers has been made practically impossible
because of the lack of knowledge about the vertical
transfer of energy. The design of experiments to mea-
sure vertical fluxes should get first-order priority in
future observational programs.
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